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INTRODUCTION 


The movement of pigment in the eyes of insects has been described 
many times, but there is little information in the literature suggesting 
what factors are involved in bringing about this movement. In certain 
Crustacea it has been conclusively demonstrated (Kleinholz, 1936, 1938; 
Welsh, 1939, 1941) that the movement of the pigment from the “ dark ” 
position into the “light” position is dependent upon the action of a 
hormone secreted by the eye stalk. In view of recent discoveries of 


reciprocal effects between insect and crustacean hormones (Hanstrom, 
1937; Brown and Meglitsch, 1940), the question arises as to whether 
endocrines also regulate pigment migration in the moth eye. There are 
at least three ways in which eye pigment migration in an insect might 
be controlled, namely, by hormones, by nerves, and by the action of the 
pigment cells as independent effectors. Possibly also a combination 
of these three methods of control might be found in some insects. 

Many of the early workers (see Demoll, 1911) believed that the con- 
trol was nervous in nature. But the experiments of Exner and Demoll 
(cf. review by Parker, 1932), and the subsequent work of Uchida 
(1934) on the long-horned grasshopper, indicated that the movement 
was generally slow in comparison with most nervous responses. Friza 
(1928) suggested, as a result of his study of Mantis religiosa, that the 
movement was humorally controlled. In addition, the work of Horst- 
mann (1935), in which he corroborated the conclusions of the older 
workers on the existence of a diurnal rhythm in pigment migration 
under constant conditions of the external environment, indicates that the 
response is not that of independent effectors, in which the pigment 
cells respond directly to light. Collins (1934), however, concluded 
that it was most likely that light acted directly on the pigment cells of 
the moth, Carpocapsa. 

In the following experiments, the movement of the eye pigment of 
the moth, Ephestia kuehniella Zeller, will be described, and an attempt 
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made to determine which of the three above-mentioned factors is re- 
sponsible for the movement. The study is based on the examination of 
serial sections of the heads of over 450 moths. 

The moths were bred in large glass jars, each containing about two 
inches of dry oatmeal. Under these conditions the life-cycle occupied 
about six weeks, a plentiful supply of adult moths thus being available 
at all times. Observations were made on sections of entire heads fixed 
in alcoholic Bouin’s fluid, which penetrated with sufficient rapidity that 
no migration of pigment occurred. Results were comparable in this 
regard with those obtained with fixation by hot water, but histological 
preservation was better. Some sections were stained in Mallory’s triple 
stain or impregnated by Bodian’s protargol method, and others were 
depigmented in Grenacher’s fluid, and subsequently stained or im- 
pregnated. 

It is a pleasure to thank Professor J. H. Welsh and Dr. L. H. Klein- 
holz for suggestions during the course of this work. 


ANATOMICAL CONSIDERATIONS 


Umbach (1934) described the eye structure of Ephestia in detail. 
The following description will therefore deal only with the pigment 
cells and other points which directly concern our discussion. Features 


of a single ommatidium are shown in Fig. 1. 

The pigment in the eye is arranged in three distinct groups, but at- 
tempts to homologize these with the pigment cells of Crustacea were 
unsuccessful. One group of pigment granules surrounds the bases of 
the rhabdoms and also extends below the basement membrane. Umbach 
(1934) has shown that this pigment in Ephestia is not contained in 
specific retinal pigment cells, as it is in many insects. Although in 
Ephestia the pigment is never completely withdrawn beneath the base- 
ment membrane, as in Vanessa (Demoll, 1917), it apparently exhibits 
some movement. But the extent of this movement does not exceed ten 
microns, and no attempt has been made to determine its cause. 

A second group of pigment granules is contained in cells which have 
a varied terminology. They are here called primary pigment cells, but 
have been referred to as iris pigment cells by Snodgrass (1935), as 
primary iris cells by Wigglesworth (1939), distal pigment cells by Col- 
lins, and accessory pigment cells by Uchida. These cells closely sur- 
round the crystalline cones. The nuclei are extremely flattened, and 
the pigment granules are arranged in a thin layer around the cones. 
Neither these cells nor their pigment granules have been observed to 
migrate. Finally, the large accessory pigment cells (secondary iris cells, 
Wigglesworth; principal pigment cells, Uchida) are very conspicuous 
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and contain most of the pigment granules. The entire cell moves, as 
well as the pigment granules contained in it, for the nuclei have been 
shown in depigmented preparations to have moved through a distance 
of about 30 microns, with the mid-point at about the proximal end of 


PRIMARY PIGMENT. 
CELL NUCLEI 


CRYSTALLINE CONE 


FILAMENT FROM 
CONE TO RHABDOM 


RETINULAR CELLS 


Longitudinal sections of two ommatidia from eyes of Ephestia in (a) 
dark-adapted, and (b) light-adapted positions, respectively. 


the crystalline cone. None of the pigment in the eyes of Ephestia has a 


reflecting function. 

Another important aspect of the structure of the eye is the size of 
the ommatidia. Umbach (1934) states that there are between 2,000 
and 2,500 in each eye. Between 60 and 70 of these are seen in each 


eye in a transverse section of the head (Fig. 2). The ommatidia vary 
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in size, the smallest being on the dorsal side, and the largest on the 
ventral side of the eye, the difference between the two extremes being 
about 20 per cent of their length. The accessory pigment cells migrate 
a greater distance in the larger ommatidia than they do in the smaller 
ones, as in Crustacea, where the greatest amount of migration occurs 
in the largest ommatidia which are found on the dorsal side of the eye. 


Fic. 2. Transverse section of part of head of Ephestia, showing the arrange- 
ment and differences in size of the ommatidia. Pigment cells in light-adapted 
position. 


These differences make it necessary to select the central ommatidia for 
comparisons between eyes of insects treated in different ways. Also, 
the eyes of female moths are on the average slightly larger than those 
of males. The average length of the central ommatidia of ten males, 
measured from the basement membrane to the distal end of the crystal- 
line cone, was 177.3 microns, while that from ten females was 186.8 
microns, longer than the average of the males by 5 per cent. Therefore 
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insects of only one sex were used in experiments when they were io be 
directly compared. 

Two other details of anatomy should be mentioned. The first is 
that no contractile fibers, such as were demonstrated by Welsh (1930) 
in the eyes of Palaemonetes, have been seen in the eyes of Ephestia. 
Movement of pigment granules and of the pigment cells probably results, 
as was suggested by Bennitt (1924), and Parker (1932), from proto- 
plasmic streamings or surgings, and a similar mechanism will probably 
explain the interesting movement (first demonstrated by Umbach) of 
the retinular cells themselves. Finally, Bodian preparations of both 
pigmented and depigmented eyes showed no sign of effector nerves 
supplying the accessory pigment cells. The significance of such nega- 
tive evidence is, however, questionable in view of the difficulty of 
demonstrating nerves to sense hairs which occur in large numbers on 


the eyes of some insects. 
NoRMAL MOVEMENT OF THE ACCESSORY PIGMENT CELLS 


The normal movement of the accessory pigment cells, such as occurs 
when a dark-adapted moth is exposed to light, can be followed by re- 
ferring to Fig. 3. First, it is to be noticed that the extreme dark posi- 
tion, as seen in A, is rarely found. Moths kept for several days in the 
dark more frequently have their accessory pigment cells in a position 
similar to that in B. In this stage pigment granules are evenly dis- 
tributed and extend from the level of the distal ends of the cones to 
about 15 microns beneath their proximal ends, the level of the grouped 
retinular cell nuclei. The first movement of pigment in such an eye 
usually becomes evident as an increasing aggregation of the granules in 
the proximal part of the cells. This region of the cell then moves 
proximally toward the basement membrane (Fig. 3, D), accompanied 
by a simultaneous decrease in the size of the extensions of the pigment 
cells between the cones. As the proximal movement continues these ex- 
tensions become attenuated (Fig. 3, E), and the characteristic “ frayed ” 
region at the distal end is eventually withdrawn (Fig. 3, F). Between 
the two last-mentioned stages, movement of the pigment cell nuclei 
occurs. The final stage of movement involves the almost complete with- 
drawal of granules of the accessory pigment cells from between the 
cones (Fig. 3,G). Light alone is incapable of causing greater proximal 
movement than that seen in Fig. 3, G, but certain treatments described 
below may induce more extensive movement. 

The movement in Ephestia is not so simple a migration as was indi- 
cated by Collins (1934, Pl. 4) in Carpocapsa. Measurements of the 
distance of the pigment cells from the cones do not indicate all the 
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changes that occur, since two types of movement, lateral as well as longi- 
tudinal, are found. These are seen in stages E and F, and are equivalent 
to those observed by Peabody (1939) in the isopod, Jdothea. The fact, 
well known in Crustacea, that the type of pigment migration varies in 
different species, holds also for insects. 


EXPERIMENTAL RESULTS 
Diurnal Rhythm 

The first experiments were made to determine whether a persistent 
diurnal rhythm existed in the movement of the pigment cells, as previ- 
ously recorded for many insects and Crustacea (for review, see Welsh, 
1939). In Ephestia, kept under constant illumination for four days, 
the pigment cells were found in the light-adapted position at any hour 
of the day or night. Likewise, insects kept in darkness, with all other 
usually controlled factors maintained constant, had pigment cells in the 
dark position during both day and night. This is believed to be the first 
reported absence of a persistent diurnal rhythm in a moth. However, 
in view of the marked interspecific differences recorded by Welsh 
(1935), even within a single genus of crustaceans, and the absence of 
diurnal rhythm of pigment migration in Palaemonetes (Kleinholz, 
1936), the differences between various insects are perhaps not so sur- 
prising. 


The majority of previous workers on Lepidoptera have made their 


observations on the changes of the pseudopupil, or on the presence of 
glow in the eye when illuminated at night. It has rarely been possible to 
demonstrate glow during the day. In Ephestia in constant darkness the 
eyes glow during the day as well as at night. The glow, however, dis- 
appears rapidly upon illumination,—as shown for other insects by many 
observers (see Merker, 1929). At a light intensity of 12 ft-candles, 
1 to 2 minutes are required for the glow to disappear from dark-adapted 
Ephestia at 25° C. Sections of eyes which exhibited glow and those 
from which it had just disappeared show that the changes in position of 
the pigment cells are frequently almost imperceptible. Glow in Ephestia 
is not caused by reflecting pigment, as in some Crustacea, nor does it 
seem likely that its appearance is due to the reflection of light from the 
tracheal tapetum between the rhabdoms. The cause of glow in insects 
deserves further study. 
The Effect of Light 

Intensity —The effect of light of various intensities was determined. 

A standard source (15-watt Mazda bulb, filtered through Wratten 


Neutral Filter) was maintained at a constant distance from a group of 
insects which were inclosed, as in all subsequent experiments, in thin, 
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2-dram glass vials, plugged with cotton wool, and standing, bottom 
uppermost, in a container with white walls. All experiments were begun 
with an excess of moths, and insects which were persistently active, or 
which were settled facing away from the light, were not used. It was 
soon found that several factors had to be controlled in order to obtain 
consistent results. Since it seemed that the rate of response was in- 
fluenced by the age of the moths, only newly emerged virgins were 
used. A further complication was found in some moths due to the 
presence of a parasite. In such cases many spores were found in sec- 
tions of the head, usually in the hemocoele, but sometimes also in the 
tissues. Such individuals were not considered in the experiments. 

Light intensity was varied by accurately calibrated neutral filters. 
The results are indicated in Fig. 4. In this method of presenting data, 
the technique employed involves measuring the pigment migration of a 
number of individuals (in this case, five), and then photographing an 
eye whose measurement is nearest the average. After 30 minutes ex- 
posure to an intensity of approximately 0.3 ft-candles, migration into 
the light position is incomplete. Above 3 ft-candles a maximum re- 
sponse is produced in the same period of time. While these results 
are readily reproducible, single measurements of proximal migration are 
insufficient to permit a determination of the exact type of relationship 
between intensity of light and distance migrated. In all subsequent 
experiments an intensity of 12 ft-candles was employed. 

The Rate of Movement.—The next step was to determine the time 
taken for the migration of the pigment cells in both directions, when 
intensity, temperature, and other factors were kept constant. The only 
method which is available in the case of Ephestia is to fix and section 
eyes of moths which have been exposed to light for varying periods of 
time. Since this method has been shown by Welsh (1930) to be un- 


satisfactory in comparison with methods of direct observation which are 


applicable to animals with stalked eyes, the times given below can only 
be considered to indicate the approximate rates. 

The results of one experiment are recorded in Fig. 3 (B-G). Under 
the conditions of the experiment, movement could be demonstrated 
within one and one-half minutes after the exposure of the moths to 
light. Movement was most rapid between 4 and 7 minutes, and was 
completed within approximately 12 minutes. If, after 30 minutes, the 
light is removed, dark adaptation begins within 5 minutes, but takes 
somewhat longer for completion than movement under the influence of 
light, a conclusion in agreement with that of all previous workers on 
Crustacea and insects. In these experiments movement back to the 
dark position required about 20 minutes. 
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The Effect of Localized Light—In the experiments of Bennitt 
(1932) exposure of only a small region of one eye of a crayfish resulted 
in pigment migration in all ommatidia of that eye and of the other eye 
as well. Comparable experiments were performed with etherized 
Ephestia by covering both eyes except for a few ommatidia of one eye 
with the opaque mixture recommended by Crozier, Wolf, and Zerrahn- 
Wolf (1937). These moths were allowed to recover in the dark, and 
after 24 hours were exposed to 12 ft-candles for 20 minutes. Under 
these conditions the sectioned eyes frequently showed that only the 
region which had been exposed to the light exhibited pigment migration 
(Fig. 5). Bennitt’s results would be expected on the basis of the 
humoral theory of control of migration. The ease with which it is pos- 
sible to obtain unequal movement of different pigment cells in the same 
eye in Ephestia suggests that the humoral theory of control may not be 
applicable in this case. That other insects may react in a manner 
similar to Ephestia has been indicated by the work of Exner (1891) 
and Demoll (1911). 


The Effect of Temperature 


Rate of Migration—Experiments exactly simulating those reported 
above on the rate of migration under constant light intensity were per- 
formed at a temperature of 12.5° C. instead of at 25° C. It was found 
that in the dark the pigment cells were extended over a greater distance 
proximally at 12.5° C. than at 25° C. (Fig. 6). However, movement 
of the pigment cells during light adaptation was in no way different at 
the lower temperature, except that they did not have so far to travel 
before reaching the light position. The indications are, then, that the 
processes of movement have a temperature coefficient of 1.0 within the 
range 12.5 to 25° C. (but compare the results of Bennitt (1924) on 
Gammarus ). 

Extremes of Temperature-——When the factor of temperature was 
found to have an effect on the position of the pigment cells in darkness, 
a series of experiments was performed to determine the effects of more 
extreme temperatures. Moths were placed in light-tight containers at 
temperatures of 3°, 5°, 10°, 12.5°, 25°, and 37° C. for two hours. The 
moths at the lowest temperature became immobile and those at 37° were 
extremely active. All were living, however, and were fixed in the 
dark. Sections showed that the eyes of moths at temperatures from 
10° to 25° were in the normal dark-adapted position. At 3°, however, 
there was considerable movement toward the light position, while at 37° 


the pigment cells were concentrated between the cones, thus showing a 
more complete dark adaptation than is ever found under normal tem- 
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peratures (Fig. 7). This demonstrates for Ephestia a conclusion 
reached long ago for Crustacea by Congdon (1907), that low tempera- 
ture produces the same effect as light, and that high temperature has an 
opposite effect. In view of this latter finding, the result of two mutually 
opposite stimuli was investigated by exposing moths to a temperature of 
37° C. and a light intensity of 12 ft-candles at the same time. Under 
these conditions the effect of light predominated over the effect of heat 
in nine cases. However, in one moth, where the thresholds must have 
been approximately equalized, some of the pigment cells migrated into 
the extreme light position, while others migrated only slightly (Fig. 8). 
Interestingly enough, corresponding ommatidia in both eyes exhibited 
the same response, suggesting the possibility of a central control. 

The amount of proximal migration produced in the dark by low 
temperature is greater in the ommatidia on the ventral side of the eye 
than in those on the dorsal side, as is the case in light adaptation at 
normal temperatures. The suggestion that such differences in the light- 
adapted eye are due to differences in the amount of light reaching each 
ommatidium is therefore untenable. 


The Effect of Mechanical Stimulation 


The rather unexpected effect of shaking which Horstmann (1935) 


reported on the phototactic responses of moths has been substantiated 
with Ephestia. If a vial containing a moth is held toward the light and 
is tapped lightly, the moth exhibits a marked negative response. If the 
tapping is continued for about 15 seconds the moth will suddenly turn, 
progress towards the light, and is thereafter strongly positively photo- 
tactic. Sections were made of both light and dark-adapted Ephestia 


PLATE II 
EXPLANATION OF FIGURES 


6. The effect of temperature, showing spreading of pigment granules after 1 
min. in light at 12.5° C. 

7. The effect of (4) darkness and 3° C., (B) light and 37° C. 

8. Irregular movement of pigment cells induced by simultaneous action of high 
temperature (37° C.) and light (12 ft-candles). 

9. The effect of anaesthetization by ether. Note the clumping of pigment 
granules. 

10. The effect of the injection of chloretone, inducing greater movement into 
the light position than is ever produced by light alone. 

11. The irregular movement into the light position induced by high tensions of 
carbon dioxide. 

12. Transverse section of the head, illustrating the effect of severing the left 
optic tract. Pigment in the left eye is in the light position, while that in the eye 
on the uninjured side is in the dark position. 





PIGMENT MIGRATION IN MOTH EYES 





286 M. F. DAY 


before and after shaking, and of those which were positively and nega- 
tively phototactic. It was found that shaking had no demonstrable 
effect on the position of the accessory pigment cells, nor was there any 
effect of shaking on the rate of disappearance of glow. Conversely, 
glow could not be made to reappear just after its disappearance by any 
kind of mechanical stimulation. We can only conclude that in the case 
of Ephestia differences in phototactic response are not necessarily cor- 
related with obvious changes in the position of the pigment cells. 


The Effects of Certain Drugs, Anaesthetics, and Extracts 


Methods.—Injections of approximately 0.001 ml. of fluid were made 
into the thorax of moths by the microinjection method of Ephrussi and 
Beadle (1936). Anaesthetization and injection, which occupied between 
one and two minutes, were performed in dim light. The moths were 
then kept 15 to 20 minutes in darkness before fixing the eyes. Since 
it was possible that some of the injected substances might cause move- 
ment into the dark position, some of the injected animals were exposed 
to light. 

Ether.—In concentrations just sufficient to anaesthetize a moth, ether 
has the effect of sending the pigment even further into the dark position 
than dark alone. A secondary effect is noted when moths are exposed 
to ether for longer periods of time. The pigment cells are then ap- 


parently disorganized, and have a slight tendency even to move proxi- 


mally in an irregular fashion. The pigment granules may assume a 
clumped appearance (Fig. 9). The illumination of moths which are 
under the influence of either of these effects results in apparently normal 
proximal movement. 

Chloretone.—Injection of substances causing proximal migration of 
pigment cells will obscure the effects of ether. When a saturated 
aqueous solution of chloretone is injected into a dark-adapted moth, the 
pigment cells will migrate into the light position, even though the moths 
are kept in the dark. Usually the movement will be comparable to that 
produced by light, but sometimes the distance migrated is greater than 
is ever produced by light alone (Fig. 10). Chloretone might inhibit 
nerve impulses which would result in maintaining the pigment in the 
dark position. This inhibition could be exerted either upon motor 
nerves or on nerves innervating an incretory organ. A similar criticism 
can be made of any experiments with anaesthetics or drugs. 

The Effects of Adrenalin, Acetylcholine, and Prostigmin.—l{ move- 
ment of pigment cells is under the control of the nervous system, it 
might be expected that the application of appropriate chemical mediators 
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would result in their response. Adrenalin and acetylcholine have both 
been extracted from insects (von der Wense, 1938; Corteggiani and 
Serfaty, 1939) but the existence of an adrenergic or cholinergic system 
has not been proved. The injection, with appropriate controls, of 
dilutions of 1: 1,000 and 1:10,000 adrenalin, and 1: 10,000 and 1: 
100,000 acetylcholine produced no change in the position of the pigment 
cells. Prostigmin, though having some of the effects on behavior of 
Ephestia comparable to those described for eserine in the mantis by 
Roeder (1939), did not influence the pigment cells. 

Head Extract—Experiments comparable to certain of those of 
Kleinholz (1936) were performed on Ephestia. The heads of ten light- 
adapted moths were triturated in 1 ml. of insect Ringer. The extract 
was boiled, cooled, and injected in the manner described above. Neither 
this concentration of the extract, nor a dilution of one part of extract 
to five of Ringer, produced any proximal migration of the pigment cells 
when the insects were kept in the dark. Nor did such injections inhibit 
movement when they were exposed to light. 

Sinus Gland Extract—The sinus glands of three specimens of Uca 
pugilator were ground in 0.5 ml. of insect Ringer. The extract was 
boiled, cooled, and injected into dark-adapted moths. The results were 
negative, as with extracts of Ephestia. 

The Effect of High Tensions of Carbon Dioxide—The striking 
anaesthetic effect of carbon dioxide on insects has been known for a 
long time. In Ephestia carbon dioxide produces a proximal migration 
greater than is ever produced by light alone. But this movement is not 
uniform, so that all cells do not react to exactly the same extent (Fig. 
11). The effect on the position of the pigment is still marked after 20 
minutes in the dark, by which time the insects have completely recovered 
from the anaesthetic effects. Bennitt and Merrick (1932) have reported 
a comparable result in Crustacea due to crowding, which they associate 
with oxygen lack. 


The Effects of Operative Techniques 


With carefully sharpened No. 12 hard steel needles an incision was 
made in the head capsule on the side of the frons along the ocular suture 
where the cuticle is easily punctured. From this approach the optic 
tract can be severed. Twenty moths were successfully operated upon 
in this way, and lived at least four days thereafter. It is of interest to 


note that an operation of this kind apparently releases the female from 


certain inhibitions to oviposition, for eggs were deposited in the vials 
far more frequently by operated than by control females. Several 





288 M. F. DAY 


operations did not completely sever the optic tract, and the results of 
such cases constitute controls. In every case in which the nerve fibers 
were completely severed, the pigment in that eye was in the light-adapted 
position, irrespective of the position of the pigment in the eye on the 
uninjured side. Moreover, once the pigment was brought into the light 
position by cutting the optic tract, it could never be caused to migrate 
back to the dark position, although appropriate methods (heat, ether, 


dark, etc.) were employed. Thus Fig. 12 shows a section of the head 
of an insect which had been kept for four days in the dark after an 
operation had been performed on the left eye (left side of the illustra- 


tion). The pigment cells on the unoperated side occupy the extreme 
dark position, while those on the operated side have taken up positions 
characteristic of cells released from their usual control, i.e., they have 
migrated further proximally than they would under normal light con- 
ditions, and their movement is somewhat irregular. The difference 


between two such eyes can be detected in the living moth. 


DiscUSSION 


Two of the above experiments provide strong evidence against a 
hormonal control of movement. The effect of short exposures of light 
on a small number of ommatidia results in the movement of only a few 
pigment cells. A hormone in the blood stream would be more general 
in its action. But this experiment does not differentiate between a 
nervous control and the possibility that the cells behave as independent 
effectors. This latter possibility is shown to be untenable, however, by 
the results of cutting the optic tract, which also provides further evi- 
dence against the theory of humoral control, since the blood supply to 
the eye on the injured side is in no way impaired. There remains only 
the theory of the nervous control of pigment migration. 

The absence of diurnal rhythms of migration does not argue against 
the nervous control, and neither do the effects of light. The rate of 
movement is admittedly slow compared with speed of muscular move- 
ments in insects, but the movement does not appear to be muscular in 
nature. Reasons have been given above for discounting the evidence 
concerning the apparent absence of a nerve supply to the pigment cells. 
The remote possibility of the liberation of the appropriate chemical 
mediator occurring as the result of antidromic impulses along the sensory 
nerves should not be overlooked. 

The action of chloretone, carbon dioxide, light, and low temperature 
would be interpreted on the nervous theory as agents which cause cessa- 
tion or decrease of impulses from the brain which normally maintain 
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the pigment cells in the dark position. There is actually no positive 
evidence in favor of the nervous control since no method has been found 
for any arthropod which induces movement into the dark position, 
except darkness itself. 

In addition, it has been shown in the above experiments that changes 
in the phototactic behavior of Ephestia are not entirely dependent upon 
the position of the accessory pigment cells. Nevertheless, the variation 
in the position of the pigment should be considered in investigations on 
the behavior such as that of Brandt (1934), and may explain some of 
the irregularities which he reported. Likewise, the results reported by 
Taylor and Nickerson (1940) on changes in retinal potentials during 
light adaptation should also be considered in relation to the pigment 
migration which doubtless occurs in Galleria as in Ephestia. The pos- 
sibility of relating electrical response to migration of eye pigments has 
already been suggested in the case of some beetles by Jahn and Cres- 
citelli (1940). 

SUMMARY 


The accessory pigment cells in the eyes of Ephestia kuehniella mi- 
grate from their distal position between the cones to a more proximal 
position when exposed to light of sufficient intensity. 

A comparable, or even more marked, effect is produced by low tem- 
peratures, chloretone, high tensions of carbon dioxide, and by cutting 


the optic tract. 

Movement of individual cells can be induced by illuminating only a 
few of the ommatidia. This suggests that a hormonal method of control 
is unlikely. The fact that pigment cells can never be induced to migrate 
into the dark position once the optic tract has been severed suggests that 
the cells do not respond as independent effectors. 

In view of these several lines of evidence, though most of it is ad- 
mittedly negative, it is possible that the migration of the accessory pig- 
ment cells in the eyes of Ephestia may be principally controlled by a 
nervous mechanism. It should again be emphasized that any conclusions 
based on the study of moths cannot necessarily be applied to other 
insects, let alone to Crustacea. 
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THE EFFECT OF TEMPERATURE ON THE RIGHTING 
OF ECHINODERMS 


NATHANIEL KLEITMAN 
(From the Bermuda Biological Station, St. George’s West, Bermuda) 


The righting response of echinoderms has engaged the attention of 
investigators since Romanes and Preyer first studied it in the eighties 
of the last century, but the interest lay, in most cases, in analyzing the 
activities of the nervous system, as they manifested themselves in the 
reaction to a change in the position of the body. The representatives 
of the phylum usually employed were the sea-urchin (Echinoidea), the 
starfish or sea-star (Asteroidea), and the brittle-star (Ophiuroidea), 
none of which possesses statocysts so important in the righting of higher 
animals, The sea-urchin and the starfish turn over by the action of their 
tube-feet, while the brittle-star, which has no tube-feet, depends entirely 
on the muscular action of its arms. 

Jennings (1907), in his extended report on the behavior of the starfish, 
gave considerable space to the righting response, but did not touch upon 
the time-element. Likewise, Hamilton (1922), in a paper devoted en- 
tirely to the topic of righting in the starfish, dwelt only on the mechanism 
of the process, but Fraenkel (1928) furnished some interesting figures 
on the time it took certain starfish to right themselves. An earlier 
paper containing time data is the one by Glaser (1907), who studied 
movements of brittle-stars. Working on the sand-dollar, Parker (1927) 
made some observations on the time relations of the various phases of 
righting. His paper also contains numerous references to the literature 
of body-righting in echinoderms. However, none of the authors men- 
tioned attempted to relate righting-time to temperature, and in the chap- 
ter on the echinoderms in Principles of Animal Behavior by Maier and 
Schneirla (1935) there is no mention of a temperature factor in the dis- 
cussion of righting. Barnes (1937), who lists a great number of bi- 
ological processes for which temperature characteristics were obtained, 
has nothing on the subject of body-righting, although he gives several 
references on the effect of temperature on locomotion, of which, accord- 
ing to Hamilton (1922), the righting of the starfish is one phase. 


Methods and Results 


In the present investigation recently collected echinoderms were kept 
in aquaria, with the temperature of the water naturally varying from 
292 
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18° to 26° C., usually higher in the afternoon than in the morning. 
The particular specimen to be observed was transferred to a very large 
Petri dish, filled with sea water whose temperature was regulated by 
the continual addition of chilled or warmed sea water and gentle 
stirring, thus maintaining the selected temperature within one-half a 
degree C. The animal was allowed to remain in the warmed or cooled 
water for at least 15 minutes, and, judging by its behavior, it acquired 
the temperature of the new medium during that period. The pro- 
cedure followed was to lift the animal in the water and lay it in the 
upside-down position, as symmetrically as possible, on the bottom of 
the dish. The righting was observed both from above and from the side. 

In general, no righting response could be elicited below 10° C. and 
above 30° C., and most of the observations were made at temperatures 
varying from 14° to 26° C. Asarule, 10 to 20 trials were made at one 
temperature level, then the water warmed or cooled, and another series 
of tests made at the new temperature level. In some cases the righting- 
times at half a dozen different temperatures were determined in succes- 
sion, and the same animal observed again later in the day, or after an 
interval of several days. The righting-time was measured by means of 
a stop-watch, and in most cases the time required to turn through an 
angle of 90°, as well as the total turning-over time, was noted. 


Sea-urchins 


These afiimals usually turned over in 144-2 minutes, with the greater 
portion of the period (71-95 per cent) needed for the first 90°. Some- 
times, after turning through an angle of 130-150°, the animal would 
fall with a thud, apparently of its own weight. At low temperatures, 
however, sea-urchins often failed to complete the righting, remaining at 
an angle of 30-40° to the horizontal for a long time. On the other hand, 
at high temperatures the animals were likely to remain in the dorsal 
position, continuously executing translational or rotational movements 
(about a vertical axis). At 15° C. it took, on the average, 344 minutes 
for a sea-urchin to turn over, and the best performance was at 24-26° C., 
when the mean total righting time was about 80 seconds, with the first 
half of the turn carried out in 66 seconds. The disparity between the 
fractions of the total righting time taken to turn through the first, as 
compared to the second 90° was greater at lower than at higher tem- 
peratures. 

There was no evidence of fatigue on subjecting the sea-urchins to 
repeated righting. For example, mean figures in seconds for successive 
series of ten trials in different specimens were 77 and 75, 83 and 93, 83 
and 79. Figure la shows the relation between the reciprocal of the 
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absolute temperature of the water and the logarithm of the speed of 
righting (reciprocal of the righting time in seconds). Applying the 
Van’t Hoff-Arrhenius equation to the data upon which this figure is 
based, a temperature characteristic of 19,000 calories was obtained. 
Through the courtesy of Professor H. L. Clark, I was able to test 
the effect of temperature on the righting of three spiny urchins. They 
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Fic. 1. The relation of the speed of righting, expressed as the logarithm of 
the reciprocal of the righting time in seconds, to the reciprocal of the absolute tem- 
perature of the water: a, for the sea-urchin, Lytechinus variegatus atlanticus, with 
one slope, and b, for the starfish, Stolasterias tenuispina, showing a break in slope 
at 22° C. 


behaved in every way like the common sea-urchins, although they de- 
pended for their turning on the movements of the large spines, rather 


than those of tube-feet. Their performance was best at 26° C., when 
they turned over, on the average, in less than 70 seconds. 


Starfish 


As already stated, the characteristic features of the righting response 
of the starfish have been adequately described by Jennings, Hamilton, 
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and others. Because several arms may participate in the turning process, 
sometimes interfering with each other, it is much harder than in the 
case of the sea-urchin to tell exactly when the starfish is half-turned. 
Therefore a certain position of the upper pole of the animal was ac- 
cepted as indicating the midpoint of the response. Furthermore, as the 
arms often became entangled, the completion of the righting was also 
judged by the position of the upper pole, rather than the complete spread 
of the several arms. 

At 6° C. the animals did not move at all, when in the upright position, 
and one arm was usually characteristically twisted and curled. Between 
8° and 10° C. they would begin to stir, but did not crawl. Above 11° C. 
it was possible to obtain a righting response, first in 10-15 minutes, then 
in less time as the temperature was raised. As in the case of the sea- 
urchins, it took the starfish 66-93 per cent of the total righting time to 
execute the first half of the turn, and also as with the sea-urchins, the 
disparity between the fractions of time required to turn through the 
first and second 90° was greater at lower than at higher temperatures. 
The optimum temperature was 26° C., when the righting time was, on 
the average, 27 seconds. This figure compares well with the figures of 
Fraenkel (1928) for the righting time of “ fast” starfish as 25 to 50 
seconds, and of “ slow” animals as one to three minutes. 

Unlike the sea-urchins, the starfish showed evidence of some fatigue. 
One animal, kept at 21° C., gave the following figures, in seconds, for 
turning over, in two successive series of ten trials each: 41 to 60 and 54 
to 122; another animal, at 23° C., showed a variation of from 55 to 89 
seconds for the first ten trials, and 85 to 120 for the next. There was 
also a greater day-to-day fluctuation in the righting time of a particular 
starfish, at a certain temperature level, than there was in the sea-urchins. 
This resulted in a greater scatter of temperature-righting-time data, as 
plotted in Fig. 1b, but it is possible to discern two distinct trends in the 
curve, with a break at 22° C., and a temperature characteristic of about 
20,000 cal. at lower temperatures and one of 50,000 cal. at higher. 


Brittle-stars 


These animals made no attempts to turn over at temperatures below 
10° C., although the arms would execute undulating movements, and 
some could move short distances while in the dorsal position. At 
14-15° C., they often required from 5 to 10 minutes to right themselves, 
thus not differing greatly from sea-urchins and starfish. At higher 
temperatures, however, they responded with great rapidity, their best 
time being only 5-6 seconds. On the other hand, brittle stars tired very 
quickly, first showing a marked lengthening of the righting time, then 
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failing to respond altogether. For example, mean figures in seconds for 
successive series of ten trials on one animal at 22° C. were: 13, 22, 29, 
and in the fourth series only two responses of 27 and 53 were obtained, 
before the animal stopped responding to being placed on its back. 
Similar results were reported for brittle-stars by Glaser (1907), with 
the best righting times of only 34 seconds and rapid fatigue in some, 
though not in all animals tested. 

The variability of the data as well as the fatigability of the animals 
resulted in such a scatter of the temperature-righting-time figures as to 
make it impossible to calculate a temperature characteristic of the 
process. 

Discussion 

The application of the Arrhenius equation to the relationship between 
the rate of biological processes and environmental temperatures has been 
confined mainly to such activities as enzyme action, oxygen consumption, 
carbon dioxide assimilation, embryological development, or to such 
organ and tissue performances as breathing, heart rate, nerve and muscle 
physiology. The only neuromuscular activities involving the organism 
as a whole to which this equation has been applied were locomotion, as 
cited by Barnes (1937), and reaction time of the human subject, as re- 
ported by Kleitman, Titelbaum and Feiveson (1938). In this investi- 
gation it was found that such a global process as body-righting is also 
subject to the effect of temperature. The echinoderms studied all failed 
to right themselves below 10—11° C., and at the lowest effective tempera- 
tures all took from 5 to 15 minutes to turn over. Although the righting 
time progressively decreased in all with a rise in temperature and the 
optimum performance attained in all at the level of 24-26° C., the 
shortest righting time was quite different for each of the three classes 
of echinoderms. It was longest (80 seconds) for the sea-urchin in 
which the process was least complicated, depending as it did on the ac- 
tion of successive groups of tube-feet, brought into play as the animal 
was turning over. It was shorter for the starfish (27 seconds), which, 
although it essentially depended on tube-feet action, had to follow the 
initiative of one or more of its arms, sometimes several arms working 
against each other in attempting to turn the animal in opposite directions. 
It was shortest (5-6 seconds) for the brittle-star that performed the 
righting by muscular action entirely. 

On repeated testing the slowest of the three, the sea-urchin, showed 
practically no fatigue; the fastest, the brittle-star, tired very quickly; 
while the starfish, in this respect, too, occupied a middle position. 
Whether the ultimate failure to turn over was due to fatigue of the 
receptor or central nervous mechanism has not been established. 
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Concerning the temperature characteristics, it will be recalled that 
the righting of the sea-urchin had one » value of 19,000, while that of 
the starfish had two: 20,000 below 22° C. and 50,000 above that tem- 
perature. Barnes (1937) states that when there is a break in the slope 
of the rectilinear relation between the logarithm of the rate of activity 
and the reciprocal of the absolute temperature, the » values in the 
higher temperature range are usually smaller than those pertaining to 
lower temperatures. In the righting of the starfish the reverse was true, 
but there have been reports of many other biological processes with a 
greater » value at higher temperatures, among them such a global 
activity as locomotion of the ant, studied by Barnes and Kohn (1932). 
Although it was impossible to obtain a definite » value for the righting 
of the brittle-star, the available data suggest a high » value at the upper 
temperature levels. 

It may be added that, in taking 66-93 per cent of the total righting 
time to turn through the first 90°, the sea-urchins and starfish behaved 
like the sand-dollars studied by Parker (1927), who found that “ the lift 
from the horizontal to the vertical requires as much as 3 hrs.; the drop 
from the vertical to the horizontal about half an hour.” The similarity 
is particularly striking in that the sea-urchins and starfish turned in 
water and their total righting times were expressed in minutes or sec- 
onds, while the sand-dollars partly buried themselves in sand and took 
several hours to turn over. 


Summary 


The speed of a global activity of three echinoderms, in the form of 
body-righting, is related to their temperature, within the physiological 
limits of 10° to 30° C. The speed increases as the temperature rises, 
and optimum performance is obtained at 24-26° C. 
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THE EFFECT OF PHYSOSTIGMINE ON THE RESPONSES 
OF EARTHWORM BODY WALL PREPARA- 
TIONS TO SUCCESSIVE STIMULI 


E. FRANCES BOTSFORD 


(From the Department of Zodlogy, Connecticut College, and the Marine Biological 
Laboratory, Woods Hole, Mass.) 


INTRODUCTION 


The experiments reported in this paper were performed in an at- 
tempt to analyze certain augmentation phenomena in the responses of 
the body wall of the earthworm, Lumbricus terrestris, and to provide 
some basis for an opinion as to their cause. 

One type of augmentation concerned in these investigations is that 
of summation of contraction. When a second stimulus follows the first 
before the response to the first is completed, the second contraction is 
superimposed upon the first to produce a greater muscular response. 
With an increase in the frequency and number of stimuli a condition of 
tetanus is produced. 

Another type of augmentation is shown by the muscles of the body 
wall when a second stimulation follows the first after the response to 
the first is completed. In a series of stimulations each successive re- 
sponse is greater, resulting in a “ staircase” effect. 

The various augmentation phenomena which are shown by striated, 
smooth, and cardiac muscle of vertebrates have been studied extensively 
by many workers. Among the invertebrates, the field is unexplored ex- 
cept in coelenterates, echinoderms, mollusks, and crustaceans. Because 
of the diverse neuromuscular mechanisms involved in these different 
types of invertebrates, the augmentation phenomena themselves present 
varying characteristics, some being comparable to those found in verte- 
brates, while others are peculiar to a particular invertebrate group. 

The first evidence for summation in the body wall muscles of the 
earthworm was given by Budington (1902), whose records showed an 
increase in response corresponding to an increase in the number of 
shocks administered. After Budington there is no other mention of 
augmentation phenomena in the earthworm until the studies of Bacq 
and Coppée (1937), who included three experiments on the earthworm 
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in their work on Sipunculus and the leech. They found that physostig- 
mine increased the muscular response when the nerve cord of the earth- 


worm was stimulated repetitively. 

The purpose of this paper is to show, first, how the muscular re- 
sponses of the earthworm body wall are affected by variations in the 
frequency and number of single shocks and by the spacing and duration 
of tetanic stimulations; second, that the ability of the muscle to give 
augmented responses depends upon these time factors; and third, that 
the effect of physostigmine upon the muscle responses suggests the par- 
ticipation of acetylcholine as a facilitating factor. 

An investigation of the muscular responses of the earthworm body 
wall is of especial interest since this muscle seems to parallel vertebrate 
striated muscle in some of its physiological characteristics. Certain of 
these similarities have been referred to by Pantin (1935) and by Wu 
(1939). 


MATERIALS AND METHODS 


The specimens of Lumbricus terrestris used for these experiments 
were kept in an ice-box in moist earth and only the large and healthy 
specimens employed. 

After partially anesthetizing the earthworm in 0.2 per cent chlore- 
tone, a mid-ventral slit was made the length of the worm and the nerve 
cord and digestive system were removed. This preparation of the body 
wall will be referred to as the muscle strip. At one end it was pinned 
to a paraffin block and at the other it was attached to a lever of spring 
steel, which recorded the contractions of the longitudinal muscles on a 
kymograph drum by a downward deflection of the lever. The approxi- 
mate magnification of the lever was five times. 

Another preparation used was the whole worm minus about the first 
ten segments, arranged for recording muscle contractions in the same 
way as described for the muscle strip. This will be referred to as the 
whole worm preparation. 

For stimulating both the muscle strip and the whole worm, a fine 
silver wire electrode leading from a vacuum tube stimulator was in- 
serted in each end of the preparation. The stimulator employed a gas 
triode 885 arranged to deliver stimuli at frequencies from 1 to 100 per 
second. The duration of the bursts of stimuli and the interval between 
the bursts were controlled by a commutator in the circuit. Submaximal 
stimuli were used in all the experiments described in this paper unless 
indicated otherwise. 
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RESULTS 
The Response to Successive Single Shocks 


When the body wall preparations were stimulated electrically by a 
series of submaximal single shocks, the type of response was found to 
be affected by the frequency of the shocks. 

With a frequency of about 2 per second the second response showed 
an increased contraction, but after that there was no further augmenta- 
tion. (See Fig. 1, B.) With an increase in frequency there was a suc- 
cessive increase in the magnitude of the first four contractions. A small 
amount of tonus developed which persisted for a short time after the 
stimulation stopped. (See Fig. 1, A.) Increasing the frequency to 6 


Fic. 1. Effect of frequency of single shocks on augmentation of contractions. 
Whole worm preparation. Frequency in shocks per second: A, 3 per second; B, 
2 per second; C, 6 per second. 


per second caused an augmentation in the successive responses up to the 
ninth, which was nine times greater than the first response. This was 
followed by an increase in tonus and a diminution in the magnitude of 
the individual responses: (See Fig. 1, C.) The record shows a defi- 
nite “ staircase” effect. Strictly speaking, the term “ staircase ” should 
be reserved for the increased muscular responses brought about with 
maximal stimuli, thus showing that the heightened responses are due to 
increased contractions of the individual contractile units involved. Since 
maximal stimuli were not used in these experiments, the descriptive term 
of “augmentation of responses” is employed, and the determination 
of the exact mechanism of the facilitating effect is left for future 
investigation. 

With a frequency of 10 per second a state of increased tonus is pro- 
duced immediately because of the summation of the successive con- 
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tractions, and with a frequency of about 14 per second, the response 
shows a condition of completely sustained contraction or tetanus. 


Summation of the Responses to a Series of Shocks 


This muscle preparation gives a response to a single shock and so 


can be called a single volley muscle. Records were made on a stationary 


drum of the responses of the whole worm preparation to one, two, and 
three single shocks delivered within a 0.3-second period. The response 
to two shocks was about one and one-half times greater than it was to 
one, and the response to three shocks was over twice as great. 


15 20 25 8 9 


Fic. 2. A. Frequency-response curves for muscle strip. Abscissae, number of 
shocks. Ordinates, response in mm. Duration of bursts, 0.5 second. Interval be- 
tween bursts, 1 minute. First series shown by dotted line. (Second series omitted.) 
Third series, unbroken line. Fourth series, broken line. There is a % hr. interval 
between series 3 and 4, a 10-minute interval between the other series. 

B. Duration-response curve for whole worm preparation. Abscissae, duration 
of burst. Ordinates, response in mm. Frequency, 14 shocks per second. 


In order to show the effect of frequency upon the magnitude of 
contraction, a series of responses to a single burst of stimuli was re- 
corded. The duration of every burst was constant, but the frequency 
of the stimuli within each burst was varied at random over a relatively 
wide range: A long interval was allowed between the bursts in order 
to prevent an effect of previous activity upon the response. The re- 
sponses were recorded on a stationary drum and the length of each 
measured in millimeters. From the results obtained, frequency-response 
curves were made. Figure 2, A shows three of these curves for one 
muscle strip. 
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The magnitude of the responses increases with each increase in the 
number of shocks. The increase throughout the first series of trials 
is nearly in direct proportion to the number of shocks. In the third 
series the increase in responses is proportional to the number of shocks 
except with the highest frequency where there is a marked decline in the 
amount of augmentation. The fourth series was recorded three-quarters 
of an hour after the third series and about two hours from the be- 
ginning of the experiment. Although with the lower frequencies the 
muscle gives greater contractions than before, with an increase in the 
number of shocks the amount of augmentation declines, so that with the 
higher frequencies the responses are lower than in the other two series. 
This decline is probably due to the deterioration of the preparation. 

These results show that the augmentation is proportionally less with 
the higher frequencies. There is an indication of a slow cumulative 
building-up process, since the responses of the second series were greater 
than the first, and those of the third the largest of all. 

In one experiment with the whole worm preparation in which the 
duration of the bursts was gradually increased while the frequency was 
kept constant, the magnitude of the response to a burst was increasingly 
greater from the first response measuring 6 mm. up to the tenth measur- 
ing 76mm. A duration-response curve was made by plotting the mag- 
nitude of the responses against the duration of each burst. (See Fig. 


2, B). Experiments in which the duration of the bursts was changed 
at random showed the same effect of increased contractions due to 


longer bursts. 

These results show that the magnitude of a response to one isolated 
burst of stimuli is affected by the frequency of the stimuli within the 
burst and the duration of the burst. 


The Response to Repeated Bursts of Stimuli 


When the earthworm body wall is stimulated electrically with shocks 
at a constant frequency delivered in repeated bursts at appropriate in- 
tervals, the first contractions show a definite increase in each successive 
response. When this augmentation ceases, it is not followed by a 
plateau, but by an immediate but gradual decline in the magnitude of the 
successive responses. The rate of decline varies under different con- 
ditions of stimulation. 

Figure 3 shows the first part of a normal curve for the whole worm 
preparation. Since the frequency of stimuli within the bursts was 28 
per second, these responses were tetanic in character. The first 22 
records of contraction show an increase in the response to each suc- 
cessive burst. Figure 4 shows the same phenomenon in a muscle strip 
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when the same frequency is used. A longer interval was allowed be- 
tween bursts in the case of the muscle strip preparation because the 
muscle strip required a longer period to recover its original state of 


tension after each response. 
To investigate the characteristics of the 
by these muscles, many series of responses were recorded showing the 


‘ staircase ” effect exhibited 


Fic. 3. Augmentation of contractions in whole worm preparation. Duration 
of burst, 0.3 second. Interval between bursts, 7 seconds. Frequency, 28 shocks per 
second. 

Fic. 4. Augmentation of contractions in muscle strip. Duration of burst, 0.4 
second. Interval between bursts, 27 seconds. Frequency, 28 shocks per second. 
Drum stationary. 

Fic. 5. Effect of frequency of stimuli within burst on augmentation of con- 
tractions. Whole worm preparation. Duration of burst, 0.3 second. Interval be- 
tween bursts, 7 seconds. Frequency of stimuli: A, E, G, 28 shocks per second 
causes augmentation; B, 9 shocks per second; C, 14 shocks per second; D, F, 18 
shocks per second. 


effect upon the augmentation phenomenon of four easily variable condi- 
tions: the intensity of the stimulating current, the duration of the bursts 
of stimuli, the interval between the bursts, and the frequency of the 
stimuli within the bursts. It should be noted that in some instances it 
is impossible to make exact quantitative statements which apply to all 
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the preparations, since the differing physiological states of individual 
worms produced variation in response. 

Difficulties were encountered in working with maximum intensities. 
In the case of muscle strips, a single burst of stimuli of high intensity 
induced a condition of tonus which was prolonged to such an extent 
that successive responses could not be elicited. With the whole worm 
preparations, high intensities often brought about strong spontaneous 
contractions which make it impossible to continue with the experiment. 
In the few successful experiments with high intensities there was no 
augmentation of the successive responses. This is a crucial point which 
should be investigated more thoroughly by further experimentation. 
Because of the disadvantages presented by the use of high intensities, 
submaximal stimuli of uniform intensity were used in the following 
experiments. 

The length of the interval between bursts has a very definite effect 
upon the production of augmented responses. Using a frequency of 28 
per second with the duration of burst of 0.3 second, there is a striking 
increase in successive responses in the whole worm preparation when 
the interval between bursts is 7 seconds. On doubling this interval, 
there is still some augmentation, but as the interval is increased still more 
this is less evident, until, with a 30-second interval, the successive re- 
sponses show no increase. 

The duration of the bursts also affects the production of augmented 
responses. In one experiment in which a frequency of 18 per second 
was used with bursts spaced at 14-second intervals, the responses were 
not facilitated when the bursts lasted 0.4 second. Lengthening the 
bursts to 1.5 seconds built up increasing contractions through six suc- 
cessive responses, the sixth one being more than twice as great as the 
first. 

The frequency of the stimuli within the bursts is a third factor in 
determining the production of augmented responses. A low frequency 
does not bring about an increase in the successive responses. Figure 5 
shows a long series of responses of the whole worm preparation to 
bursts of stimuli. The evident arrangement in groups is due to the 
different frequencies of the stimuli. A frequency of 18 per second or 
less did not cause augmentation, but with a frequency of 28 per second, 
three of the groups in the series show facilitated responses. In other 
preparations, however, increasing contractility was sometimes brought 
about with lower frequencies. 

From the results of these experiments and many others, it is evident 
that the phenomenon of augmentation is to a great extent dependent 
on the number of stimuli applied in a unit of time and the grouping of 
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these stimuli. As the interval between bursts is lengthened, either the 
frequency of the stimuli within the bursts must be increased or the 
duration of the bursts must be lengthened in order to produce a series 
of increasing responses. 


The Effect of Physostigmine upon the Production of 
Augmented Responses 


In order to determine the underlying cause of the facilitation phe- 
nomenon which is manifested in the augmented contractions of the earth- 


Fic. 6. Effect of physostigmine 1 gm./10,000 cc. on the response of whole 
worm preparation to a series of single shocks. Ten successive series of shocks each 
consisting of 7 single shocks in 5 seconds separated from one another by an interval 
of 3 minutes. Series A, Ringer’s drip. Series B, physostigmine drip. 


worm body wall muscles, application of physostigmine was tried. Wu 
(1939) has shown that the sensitivity of the body wall to acetylcholine 
is greatly increased by physostigmine. From the results of his experi- 
ments concerning the action of drugs on the earthworm body wall, he 
postulated the presence of some factor which prevented the action of 
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acetylcholine and which was antagonized by physostigmine. This he 
thought was probably a high concentration of choline esterase. 

If acetylcholine is produced by stimulation of the earthworm muscle 
preparation, and if this is not completely hydrolyzed by choline esterase 


before the next stimulation, the persisting acetylcholine could be the 
cause of the augmentation of the responses. The application of phy- 
sostigmine which prevents the action of choline esterase could, therefore, 
show some effect upon the augmentation phenomenon. The following 
experiments were devised to test this hypothesis. 


Fic. 7. Effect of physostigmine, 1 gm./10,000 cc., on the responses of muscle 
strip to a series of bursts of stimuli. Interval between bursts, 27 seconds. Fre- 
quency, 40 shocks per second. Drum stationary. A, physostigmine applied by drip 
method during experiment. B, muscle strip immersed in physostigmine for 15 min- 
utes previous to stimulation. 


The effect of physostigmine on the responses to a series of single 
shecks was to produce a striking augmentation. The whole worm 
preparation was stimulated for 5 seconds at a low frequency of 7 shocks 
in 5 seconds. This was followed by a 3-minute period of rest during 
which the preparation was given Ringer’s solution by drip method. 
Figure 6, A shows a series of five of these 5-second stimulations. Within 
each of the five groups there is an increase in the successive responses, 
but the facilitation decays during the 3-minute rest period, so that the 
first response in each of the five groups is of the same magnitude. 
Figure 6, B shows the result of repeating this procedure except that 
physostigmine drip 1 gm./10,000 cc. was substituted for the Ringer’s 
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during the 3-minute rest period. Here the first response in each group 
is increasingly greater. The succeeding responses in one group are 
smaller than the first response of that group but greater than the normal 
responses shown in Fig. 6, A. A state of maintained tension develops 
during each 5-second burst of stimuli. The optimum action of the 
physostigmine, judged by magnitude of response, was reached in 12% 
minutes, as shown in the fourth series, in which the maximum response 


is 8% times greater than the first response in the normal preparation. 
The fifth series shows no further increase in magnitude of response. 

In order to show the effect of physostigmine upon a series of suc- 
cessive tetanic responses, physostigmine 1 gm./10,000 cc. was applied 
to a muscle strip preparation continuously by the drip method during 
a long series of bursts of stimuli. Figure 7, A shows the result. A 
strong tonus was built up gradually in the first 18 responses, but even 
with this increasing tonus there was an augmentation of the successive 
individual contractions. On the other hand, when the preparation was 


TABLE I 


Effect of physostigmine on the magnitude of the responses. Two muscle strips 
were used: A, with physostigmine drip 1 gm./10,000 cc.; B, with Ringer’s drip. 
Duration of bursts, 0.3 second. Interval between bursts, 3 minutes. Frequency, 
40 shocks per second. The magnitude of response is recorded in the body of the 
table in mm. 





Successive responses 1 3 + 5 6 7 


A. Physostigmine 31 : 45 50 51 53 52 
B. Ringer's 40 43 43 40 40 43 





put into a bath of physostigmine for 15 minutes before the stimulations 
began, the first response was of normal magnitude, but following this 
response an immediate tonus was manifested. The second response 
was only three-fourths the magnitude of the initial one, and the suc- 
ceeding responses showed a fatigue-like diminution. The long applica- 
tion of physostigmine prevented any augmentation of contractions. 
These characteristics can be seen in Fig. 7, B. Several control experi- 
ments, in which the preparation was left in a bath of Ringer’s solution 
for 15 minutes previous to stimulation, showed a normal response. 
Physostigmine was demonstrated to increase the length of the interval 
between bursts of stimuli which is necessary for the production of aug- 
mented responses. As has been stated above, there is a maximum in- 
terval of about 30 seconds, which, if exceeded, does not allow augmen- 
tation. When a normal muscle preparation is stimulated by bursts 
which are separated by 3-minute intervals, there is no increase in the 
successive responses. Table I shows the magnitude of the responses as 
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measured by the length of the record in millimeters for two muscle 
strips, one treated with physostigmine drip 1 gm./10,000 cc., the other 
with Ringer’s. When physostigmine drip was used on the preparation, 
there was an increase in the magnitude of 8 successive responses even 
though these were separated by 3-minute intervals. 

Figure 8 demonstrates this effect in a single muscle strip stimulated 
in the same way. The first five responses are separated by 3-minute 
intervals of treatment with Ringer’s drip. There is no increase in the 
successive responses. After the fifth response, treatment with physo- 
stigmine drip, 1 gm./10,000 cc., is begun during the 3-minute interval 
with the result that augmentation is produced as well as an increase in 


tonus. 

The experiments with physostigmine described above suggest that at 
each burst of stimuli acetylcholine was formed and that the physostig- 
mine acted upon the choline esterase to delay the breakdown of this 
acetylcholine. This resulted in the persistence of a certain quantity of 
acetylcholine which caused an increase in the next response of the 


muscle. 

It will be noted that a relatively high concentration of physostigmine 
was used in these experiments. This was in order to favor the diffusion 
of sufficient drug into the tissues to produce an immediate effect even 
with the slow drip method employed. 

Further indication of the formation of some facilitating substance at 
the time of stimulation is shown by conditions of tonus succeeding the 
muscular responses. Figure 9 shows a response in which the primary 
contraction and partial relaxation due to the single shock is followed 
by a smaller and slower contraction and relaxation. In Figure 10 is 
recorded the response to a series of 7 single shocks after the preparation 
had been in physostigmine 1 gm./100,000 cc. for 4 minutes. After the 
seventh response, the stimulation having stopped, there is a long slow 
contraction followed by relaxation. 

The persistence of a facilitating effect is demonstrated in Fig. 11. 
Here a series of augmented responses was produced using a frequency of 
28 per second. This was followed, with no break in the intervals of 
stimulation, by a series of bursts with a frequency of 9 per second, which 
is not a facilitating frequency. The first four responses to the low fre- 
quency bursts show a greater response than those which follow. The 
preceding series of augmented responses had a facilitating effect which 
lasted 29 seconds. This corresponds to the interval of 30 seconds deter- 
mined to be the maximum interval within which facilitation can occur. 
The response to a single shock is also increased when immediately pre- 
ceded by a series of augmented responses. 
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Fic. 8. Effect of physostigmine 1 gm./10,000 cc. in producing augmentation 
of contraction in a muscle strip with an interval of 3 minutes between bursts of 
stimuli. X represents physostigmine drip begun. Duration of bursts, 0.3 second. 
Frequency, 40 shocks per second. 

Fic. 9. Response of muscle strip to a single shock followed by a change in 
tonus. 

Fic. 10. Responses of muscle strip to a series of 7 single shocks after 4 
minutes in physostigmine 1 gm./100,000 cc. Following the responses there is a 
change in tonus. 

Fic. 11. Increased magnitude of the initial responses to bursts of low fre- 
quency when preceded by a series of successively augmented responses. Whole 
worm preparation. Frequency of stimuli: 4A, 28 shocks per second; B, 9 shocks 
per second. Duration of burst, 0.3 second. Interval between bursts, 7 seconds. 
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DIscussION 


From the results of the experiments described it is evident that pre- 
vious activity has a definite facilitating effect upon subsequent contrac- 
tions of the longitudinal muscles in the body wall of the earthworm. 

When preparations are stimulated with successive single shocks, three 
types of responses are possible, depending upon the frequency of the 
shocks: first, an increase in magnitude of successive separate contrac- 
tions; second, a partial summation of the successive contractions; and 
third, complete tetanus. Since, with increase in frequency of shocks, 
the first type of response merges gradually into the second, and the 
second into the third, it would appear that the same facilitating factor is 
responsible for all. This is also indicated by the fact that with the ap- 
plication of physostigmine it is possible to produce a summation of con- 
tractions or tetanus with the lower frequencies. 

In his work on Actinozoa, Pantin (1935a) found that in different 
neuromuscular mechanisms he was able to demonstrate these three types 
of responses depending upon the time relation between the duration of 
a complete contraction and relaxation of the muscle, and the duration of 
the persistence of the facilitating factor. 

In the earthworm preparations the facilitating factor persists between 
0.4 and 0.5 second after a single shock. With repeated shocks the 
facilitation effect is cumulative, resulting in considerably heightened con- 
tractions, as exhibited by the responses to repeated tetanic stimulations. 
Under these conditions the facilitating factor may last nearly 30 seconds, 
as shown by an increased response to a second tetanic stimulation within 
that period of time. 

This phenomenon of facilitation has been demonstrated in the mus- 
cular reactions of other invertebrates. The number and frequency of 
stimuli are the decisive factors in producing the augmented responses, 
as is the case in the earthworm, but the cause of the facilitation seems 
to be different in the various neuromuscular mechanisms. 

Pantin (1935a), in his work on facilitation in Actinozoa, came to the 
conclusion that in certain muscles the increasing magnitude of the re- 
sponses in a series of stimuli is due to neuromuscular facilitation, by 


which, with each succeeding stimulus more muscle fibers are affected. 
He found no evidence at that time for the functioning of chemical 
mediators in coelenterates. Ross and Pantin (1940), in their investiga- 
tion of the effect of certain ions on facilitation in Actinozoa, found that 
two factors were involved in facilitation. Although they did not de- 
termine the nature of the facilitating process they concluded that it could 
not be due solely to a transmitter. 
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In crustacean striated muscle, according to Katz (1936), the fre- 
quency to which individual muscle fibers respond varies, so that the 
number of fibers which contract and consequently the magnitude of the 
contraction, are controlled by the frequency of the nerve impulses. 

In the present paper evidence has been offered to support the view 
that in the earthworm body wall the facilitating factor is acetylcholine. 
The effect of physostigmine in producing greatly augmented responses 
points to this. The most convincing evidence is the ability of physostig- 
mine to delay the decay of the facilitating factor, so that augmented re- 
sponses are elicited even with long intervals between tetanic stimulations. 

The location of this facilitating effect is a subject for further investi- 
gation. Since the phenomenon showed the same characteristics in the 
muscle strip as in the whole worm preparation, it cannot be dependent 
on the nerve cord. 

SUMMARY 


1. The longitudinal muscles of the body wall of the earthworm (Lum- 
bricus terrestris) show augmented responses when stimulated by succes- 
sive single shocks at low frequencies. The facilitating condition lasts 
not more than 0.5 second after the response to a single shock. 

2. A frequency of 14 per second results in a complete summation of 
the contractions or a condition of tetanus. 

3. The magnitude of a summated response elicited by a series of 
shocks is proportional to the duration of the burst of shocks and to the 
frequency of the shocks within the burst. 

4. The tetanic responses to repeated bursts of stimuli show an in- 
creasing augmentation of the initial contractions. The production of 
this “ staircase” effect is affected by the frequency of the shocks, the 
duration of the bursts, and the length of the interval between bursts. 

5. After a brief tetanus the facilitating condition persists for nearly 
30 seconds. 

6. The application of physostigmine increases the augmentation of 
responses and tends to produce a condition of tonus. 

7. Physostigmine delays the decay of the facilitating property so that 
augmented responses are produced with intervals as long as 3 minutes 
between bursts of stimuli, suggesting the role of acetylcholine in the 
production of the augmented responses. 
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THE RELATION BETWEEN THE FOUR-CARBON ACIDS 
AND THE GROWTH OF OAT SEEDLINGS 


HARRY G. ALBAUM AND BARRY COMMONER 


(From the Department of Biology, Brooklyn College, the Department of Biology, 
Queens College, and the Marine Biological Laboratory, Woods Hole, Mass.) 


INTRODUCTION 


Plant growth hormones are noted for the multiplicity of their effects. 
This is particularly true of the auxins, which are known to influence 
elongation of roots and shoots, determination of root number, produc- 
tion of callus tissue, tropistic responses, correlative growth of plant 
organs and protoplasmic streaming. 

The most striking feature about the variety of these auxin effects is 
the fact that any one concentration of the hormone will often stimulate 
one process, inhibit another, and have no effect on a third. If the con- 
centration is varied these relations may be completely altered. Such 
effects, together with the fact that the auxins have an effect on proto- 
plasmic streaming, have suggested that these hormones must play a 
decisive role in some fundamental and common intracellular process. 

For some time attempts had been made to demonstrate a link between 
auxin and cell respiration. Experiments showed, however, that auxin 
had no demonstrable effect on the respiratory rate of plant cells (Bonner, 
1936; Van Hulssen, 1936) and the conclusion was drawn that the 
hormone had no respiratory effect (DuBuy, 1940). 

More recently, however, Commoner and Thimann (1941) have 
shown that indole-3-acetic acid is directly related to the activity of a 
specific respiratory process, the 4-carbon dicarboxylic acid system. 
They showed that the salts of these acids (malic, fumaric, and succinic) 
will enhance the effect of auxin on growth and that the inhibitory effect 
of iodoacetic acid on growth is due to a specific inhibition of this system. 
It was shown that the 4-carbon acid system normally accounted for only 
5—10 per cent of the total respiration, but that all the growth is dependent 
upon its activity. Thus it was demonstrated that auxin can stimulate 
the respiratory activity of this system (and in this way increase the rate 
of oxygen consumption) and that the effect of the 4-carbon acids on 
respiration is enhanced by the presence of auxin. 

This work dealt with a single effect of auxin, the elongation of ex- 
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cised sections of the Avena coleoptile, but indicated that the effect of 
the hormone is exerted through a common cellular oxidative process. 

The work suggested that this effect may play an important role in 
determining the nature and direction of the influence of auxin on the 
other processes mentioned above. This indication was also supported by 
the findings of Sweeney (unpublished data) that the 4-carbon acids 
influence significantly the auxin effect on protoplasmic streaming in the 
Avena coleoptile. 

It was our purpose therefore to extend this evidence by examining 
the effect of one of the 4-carbon acids on three different growth processes 
known to be influenced by auxin in the intact Avena seedling: shoot 
elongation, root elongation, and determination of root number. 


PROCEDURE 


Seeds of Avena sativa L. var. Black Norway and Fulghum similar to 
those used in earlier experiments were hulled and soaked in distilled 
water for 20 hours at room temperature with continuous aeration. After 
soaking, the oats were placed in beakers lined with moist filter paper, as 
described in an earlier paper (Kaiser and Albaum, 1939), and to which 
the test solutions had been added. The plants were then allowed to 
continue their growth in the dark at room temperature. At various 
times the coleoptiles were measured to the nearest millimeter under an 
orange safelight. Growth of the first internode appeared to be com- 
pletely inhibited ; no effort was made to measure this separately. At the 
close of each experiment (i.e., when the coleoptile had ceased growing ) 
final measurements were taken on total root length, total root number 
and final coleoptile length. All figures reported here are the averages 
of at least twenty plants. The test solutions, indole-3-acetic acid 
(Merck), iodoacetic acid (Eastman Kodak) and fumaric acid (Eastman 
Kodak) were made up in distilled water and adjusted to pH 6.0 with 
KOH at the beginning of each experiment. No change in pH occurred 
during the course of the experiment. Measurements on the length of 
epidermal cells were carried out at the close of the experiments by 
stripping the epidermis from small pieces of coleoptile, mounting it in 
water on a slide and measuring it with an ocular micrometer under the 
low powers of a compound microscope. 


RESULTS 


The Effect of Iodoacetate on’ Coleoptile Growth 


These experiments indicate that the 4-carbon acid system influences 
the effect of auxin on seedling growth in a manner similar to its effect 
on the growth of isolated coleoptile sections. 
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Fic. 1. Growth curves of coleoptiles following poisoning with iodoacetate, 


and recovery after addition of various concentrations of fumarate. 


Fic. 2. Growth curves of coleoptiles after poisoning with various concentra- 


tions of iodoacetate. 
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Figure 1 shows that 10°° M iodoacetate reduces the final size of the 
coleoptile, although the growth curve characteristics are not affected 
(the half-times of all curves in Fig. 1 are identical). If fumarate is 
added the inhibitory effect of iodoacetate is negated; in fact, use of a 
concentration of .01 M fumarate results in a coleoptile even exceeding 
in size that of the control. 

Figure 2 demonstrates the effect of various concentrations of iodo- 
acetate on coleoptile growth. Maximum inhibiton (50 per cent) is ob- 
tained at a concentration of 5 & 10° M, identical with the maximum in- 
hibiting concentration found by Commoner and Thimann (1941). 

Thus it is indicated that iodoacetate influences the growth of the 
coleoptile in vivo in the same way that it affects the growth of isolated 
sections. Very low concentrations of this substance produce a sharp 
decline in the rate of coleoptile growth and this inhibition may be com- 
pletely negated by the presence of sufficient fumarate.’ 


TABLE I 


The relationship between iodoacetate concentration, final coleoptile length 
and epidermal cell size. 


Iodoacetate Coleoptile Epidermal Cell Size 
Concentration Length (mm.) (ocular units) 


0 50.0 26.0 
10-* M 48.1 22.6 
107° M 41.2 17.4 

5X10-° M 27.3 12.6 
10-* M 26.9 11.3 





That this effect is exerted on the growth processes within each cell is 
shown by the data of Table I. These data indicate a fairly close pro- 
portionality between the effect of various concentrations of iodoacetate 
on the length of the entire coleoptile and the average length of the epi- 
dermal cells of these coleoptiles. Thus it is suggested that the effect of 
iodoacetate and fumarate is on some general auxin-sensitive process in 
the cell. 


The Influence of lodoacetate and Fumarate on 
Auxin-sensitive Processes 


A further investigation of this hypothesis was made possible by the 
fact that auxin has several different effects on various parts of the 


1 Commoner and Thimann (1941) were able to get complete inhibition with 
5 X 10° M iodoacetate. In these experiments, we were able to get growth inhibi- 
tions of only 50 per cent maximally. We believe that this difference is due to pene- 
tration phenomena which would be different for the intact seedling as compared to 
the sections. 
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growing plant. If the above effects are due to a direct influence on the 
activity of the auxin processes, then it should be possible to demonstrate 
an augmentation of all auxin effects by fumarate and an inhibition of 
these effects by iodoacetate (in the proper concentration). The follow- 
ing experiments bear this out. 

Three auxin-sensitive growth processes were selected for compari- 
son: coleoptile (shoot) length, total root length, root number. It is 
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Fic. 3. Effects of auxin (10 mg./1.), fumarate (.01 M), auxin plus fumarate, 
iodoacetate (.00001 M), iodoacetate plus auxin, fumarate plus iodoacetate, fumarate 
plus iodoacetate plus auxin on the coleoptile length, root length and root number 
of Avena seedlings var. Black Norway. 


already well known that in certain concentrations auxin tends to in- 
crease the coleoptile length, decrease the root length and increase the 
number of roots. The influence of auxin, fumarate, iodoacetate, and 
various mixtures of these substances was determined in the usual manner. 
The data obtained are presented in Fig. 3. 

This figure shows that, whatever the direction of the auxin effect 
(i.e., whether inhibitory or stimulatory), the effect is augmented by the 
addition of fumarate and inhibited by the addition of iodoacetate. 
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Thus, auxin reduces total root length; auxin and fumarate produce 
an even greater inhibition, while auxin and iodoacetate show a smaller 
inhibitory effect. JIodoacetate alone has no significant effect on root 
length, but reduces the number of roots and the coleoptile length. Auxin 
reduces this inhibitory influence of iodoacetate, in the case of the latter 
effects, but increases it in the case of root length. Fumarate alone acts 
like auxin in increasing coleoptile length and root number, but also has 
a slight positive effect on root length. In every case fumarate an- 
tagonizes the effect of iodoacetate. 

Thus it seems clear that the effects of iodoacetate and fumarate are 
exerted directly on these auxin-sensitive processes in the cells. The in- 
fluence of these substances on the various growth relations in the oat 
seedling is directly related to the effect of auxin on these relations. It 
seems likely that the four carbon acids and auxin are together concerned 
with the activation of these processes, while iodoacetate is a specific in- 
hibitor (in the proper concentration) of these processes. 


The Differential Effect of Growth Substances on the Various 
Growth Processes 


It has been suggested by Thimann (1937) that the effect of auxin on 
the various growth processes is essentially identical, but that the sensitivi- 
ties of these processes to varying concentrations of auxin are different. 
He points out that the curve relating intensity of effect to auxin concen- 
tration is essentially the same for coleoptile length, root length, and root 
number, but that the zero points are different in each case. The sug- 
gested relation between these curves is shown in Fig. 4, together with 
the zero points indicated by the work of Kaiser and Albaum (1939) on 
two varieties of Avena sativa, Black Norway and Fulghum. The latter 
work showed that the variety Fulghum responded to auxin in a manner 
that indicated a greater intrinsic content of growth hormone as compared 
with Black Norway. The data on the effect of auxin in the table ap- 
pended to Fig. 4 (taken from Kaiser and Albaum, 1939) indicate the 
probable validity of Thimann’s suggestion. However, it is clear that 
the curves to the left of the zero lines were purely hypothetical since 
there was no method of quantitatively removing auxin from the plant. 

It is apparent, from the data presented above, that iodoacetate does 
offer the possibility of investigation in the “ negative” regions of these 
curves. Consequently, the effect of various concentrations of iodoace- 
tate on the growth processes of the two varieties was determined. The 
data are shown in the table of Fig. 4. 


It is clear that the response of these growth processes to iodoacetate 
follows the course of the curves to the left of the zero lines. 
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Fic. 4. Hypothetical relations between auxin concentration and its effect on 
root length, shoot length and root number (after Thimann, 1937). The vertical lines 
for Black Norway and Fulghum represent zero points or intrinsic hormone content 
as postulated by Kaiser and Albaum (1939). The auxin data in the table below 
are taken from the latter paper. 
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Thus, examination of the curves to the left of the Black Norway zero 
line indicates that progressive “ removal” of auxin should show the 
following effects: on shoot length: an immediate decrease; on root 
length: no effect, followed by a decrease; on root number : no effect. 
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Fic. 5. Relationship between coleoptile length, root number and root length 
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The data obtained follow this course. The shoot length is reduced 
by the lowest concentration of iodoacetate, a maximum inhibition being 
reached at a concentration of 5 X 10°° M. Low concentrations of iodo- 
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acetate (up to 10°° M) have no effect on root length, but larger amounts 
are inhibitory. Finally, all concentrations of iodoacetate used produce 
no significant change in the root number. 

In the case of the variety Fulghum, the curves are also descriptive of 
the effect of increasing iodacetate concentrations. Since this variety 
contains a greater intrinsic concentration of auxin, the zero point is 
farther to the right. Thus, in this case, low concentrations of iodoace- 
tate increase the root length, while higher concentrations reduce it. 
Similarly, low concentrations of the poison cause a slight reduction in 
root number, higher concentrations having no additional effect. There 
is an immediate inhibition of shoot length, again following the course of 
the curve. 

It seems apparent that iodoacetate affects the growth processes in 
Avena by quantitatively inactivating the auxin originally present in the 
plants. 

Such an effect might be taken to indicate a stoichiometric reaction 
between auxin and iodoacetate, resulting in inactivation of the hormone. 
However, such an explanation is contraverted by the marked acceleration 
of the growth of coleoptile sections by a concentration of 10°° M iodo- 
acetate (see Commoner and Thimann, 1941). 

Furthermore, reversal of the iodoacetate inhibition by fumarate also 
seems to rule out this suggestion. 

This is clearly shown by the data presented in Fig. 5. These curves 
illustrate the negation of iodoacetate inhibition by fumarate and show 
that there is no clearly proportional relation between the effects of these 
substances. 

CONCLUSIONS 


It is clear that the 4-carbon acid system is an important factor in the 
activity of auxin in controlling plant growth. There seems to be a close 
interaction between these factors, indicating that both participate in the 
various auxin-sensitive processes that regulate plant growth. 

It is not our purpose at the present time to offer a complete explana- 
tion of this phenomenon, but the data presented demonstrate that the 
4-carbon acids participate directly in the growth processes in the plant. 
The conclusions reached by Commoner and Thimann can therefore be 
extended to include many of the known effects of auxin. 
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STUDIES IN SUBLITTORAL ECOLOGY 


IIT. LAMINARIA ForEST ON THE West Coast oF SCOTLAND; A Stupy 
OF ZONATION IN RELATION TO WAVE ACTION AND ILLUMINATION 


J. A. KITCHING 


(From the Department of Zodlogy, University of Bristol, England) 


INTRODUCTION 


Rocky areas of the sea bottom in the shallow sublittoral region of 
the coast of Britain are in general densely covered with a forest of brown 
laminarian seaweeds. In this paper an account is given of the influence 
of depth on the distribution of organisms wtihin the Laminaria forest, 
and of the factors which mainly control this distribution. Observations 
were made by means of a diving helmet (see Kitching, Macan, and Gil- 
son, 1934), from low water of spring tides to a depth of about 12 
meters below this level. 

Carsaig Island, the place chosen for this work, is about 1 km. long 
and 44 km. wide, and lies in the Sound of Jura, on the west coast of 
Scotland (see inset to Fig. 1). The waters of the Sound of Jura in 
general reach a depth of 100-200 meters, and the tidal currents attain a 
velocity of 7-8 km. per hour; in windy weather there is a short choppy 
sea. According to measurements made in open water during hot still 
weather, the gradient of temperature within the shallow sublittoral region 
is insignificant; and it is probable that gradients of salinity, oxygen 
content, carbon dioxide content, and hydrogen ion concentration must 
also be slight. However, in places sheltered from wave action such 
gradients may well be set up. The western shore of Carsaig Island is 
fully exposed to wave action, but the eastern side is well protected. As 
will be shown below, the main features of the distribution of organisms 
within the shallow sublittoral region may reasonably be attributed to 
gradients of wave action, with all its consequences, and to illumination. 


DISTRIBUTION IN THE LAMINARIA FOREST 
Introduction and Methods 


The Laminaria forest was investigated by observation from a boat 
with the help of a water telescope all around the coast of Carsaig Island, 
and by diving at several selected stations. Finally a detailed study was 
made, by diving, at one station (A on map, Fig. 1), down to a depth of 
324 
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about twelve meters below low water of spring tides. At this last sta- 
tion data were collected for the drawing of a diagrammatic section (Fig. 
1) to show the vertical distribution of algae. Investigations were car- 
ried on in September of 1932, and in August of 1933-1936 inclusive. 
The general description which follows is based on all these observations. 


Dominant Large Brown Algae 


The upper margin of the sublittoral region—that part which lies 
just above low water of spring tides,—is very different in character from 
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Fic. 1. Section at position A (see inset) on coast of Carsaig Island. Inset: 
map showing position of Carsaig Island in Sound of Jura, Argyll, Scotland. 


the deeper layers. It is dominated by three large brown algae, Himan- 
thalia lorea, Alaria esculenta, and Laminaria digitata (see Fig. 1). 
Alaria is confined to the west side of the island, and favors vertical rock 
surfaces as well as wave action. L. digitata and Himanthalia range all 
around the island. All three grow sufficiently densely to protect the 
organisms amongst them to a large extent from desiccation, so that the 
associated fauna is typically sublittoral. 

Just below low water of spring tides lies the lower limit of Laminaria 
digitata, and, except in extreme shelter, the upper limit of Laminaria 
Cloustoni. There is very little mixing of the two species. Laminaria 
Cloustoni in its zone forms a dense forest, but does not reach its greatest 


size at depths less than 4 meters. Here the innumerable vertical stipes 
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support an immense canopy of fronds, below which the light is dim even 
when the sun is shining brightly above. In order to penetrate this forest 
without risk of the air line becoming entangled, we had to cut a glade 
with shears. The forest reaches a height of about 3 meters above the 
bottom. Individual plants of L. Cloustoni reach a length of 2 meters 
or more, the longest measured being 2.40 meters; and scattered plants 
of Saccorhiza bulbosa reach about the same length. The full height of 
the forest is made up by epiphytic Laminaria plants growing on the 
stipes of L. Cloustoni. These epiphytic plants are chiefly L. digitata, 
which, however, is rarely if ever found growing directly on the sea bot- 
tom below its normal zone. In general Laminaria spp. from deeper 
down or from the sheltered side of the island were found to have un- 


TABLE I 
Population of Laminaria digitata from the sublittoral fringe 


Individuals Individuals 











Individuals 
| per 5 square per 10 per 
meters of frond stipes holdfasts 
— | aes } 
On east (sheltered) side of Car- | 
saig Island: 
Patina pellucida 31 0 1 
Spirorbis spp. 6800 6 599 
Scrupocellaria reptans 45 0 0 
On west (wave-exposed) side of 
Carsaig Island: 
Patina pellucida 131 8 10 
Spirorbis spp. 0 0 652 
Scrupocellaria reptans 0 0 2 


divided or incompletely divided fronds, in contrast to the plants growing 
nearer the surface and on the wave-exposed side. Presumably wave 
action is most vigorous near the surface of the water. 

Between 6 and 12 meters below low water of spring tides the forest 
opens out, so that it was possible to walk between the Laminaria plants 
easily in spite of the rugged nature of the sea bottom; we therefore 
called this area the “ park.” In the park nearly every L. Cloustoni 
was entwined with a large unattached plant of the brown alga Des- 
marestia aculeata. Although 12 meters was the greatest depth to which 
we penetrated, it was possible through the misty water to see the park 
extending downwards much further on the steeply sloping bottom. 

In extreme shelter from wave action L. Cloustoni is replaced by L. 
saccharina, or by a form, allied to this species, which is characteristic of 
the sea lochs of the west coast of Scotland (Kitching, 1935). The 
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latter extends up to the lower margin of the zone of L. digitata in the 
extreme shelter of the small bay on the eastern side of the island, but 
southwards with increasing wave action it is progressively replaced from 
above by L. Cloustoni. 


Associated Flora and Fauna 


The canopy of Laminaria fronds is relatively clean of epiphytic algae 
in shallow water on the western side of Carsaig Island ; instead it carries 
many colonies of the hydroid Obelia geniculata and the polyzoan Mem- 
branipora membranacea, and numerous gastropods, including Patina 
pellucida. On the more sheltered eastern side of the island Obelia and 
M. membranacea are much less abundant ; they are practically confined to 
a narrow zone at the level of low water of spring tides, and they are 
absent from the very sheltered Bay (see map in Fig. 1); whereas in 
shelter filamentous epiphytes with their associated fauna, and the tube- 
worm, Spirorbis (spp.), and the polyzoan, Scrupocellaria reptans, may 
cover nearly all the space available on the Laminaria fronds. These 
same differences, though in lesser degree, may be observed at greater 
depths on the wave-exposed western side of the island. Here again it 
may reasonably be claimed that depth affords shelter from wave action. 

The undergrowth of the sublittoral fringe consists mainly of the 
green alga Cladophora rupestris and the red algae Chondrus crispus, 
Gigartina stellata, and Rhodymenia palmata. Of these Cladophora and 
Rhodymenia also grow as epiphytes on the uppermost parts of the stipes 
of Laminaria Cloustoni in shallow water only, and small plants of 
Rhodymenia are sometimes found attached to the tips of Laminaria 
fronds in shallow water. The distribution of these algae is such as to 
suggest that they require a relatively high incidence of light. 

The holdfasts and stipes of the Laminaria Cloustoni plants, except 
the upper parts of those nearest to the surface of the water, and the rock 
bottom between the holdfasts, are densely covered with an undergrowth 
of red algae, which includes Membranoptera alata, Phycodrys rubens, 
Odonthalia dentata, Delesseria sanguinea, Ptilota plumosa, and Crypto- 
pleura ramosum. Callophyllis laciniata flourishes especially in the park, 
where its bright red fronds may be seen from afar. Apart from this, 
the composition of the undergrowth appears uniform from 2 to 12 
meters. All these algae appear to favor a relatively weak illumination, 
a conclusion which is supported by photoelectric measurements reported 
later in this paper (Table II). 

The tube-worms Spirorbis spp. and Salmacina incrustans, as well as 
various polyzoans and colonial tunicates, are abundant on the inner parts 
of the Laminaria holdfasts, even in places well exposed to wave action ; 
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but the outer surfaces of these holdfasts are usually clean. The hold- 
fasts shelter an extensive motile fauna, which will not be described in 
this paper. The composition of this fauna did not appear to be signifi- 
cantly influenced by depth within the limits of our exploration. 


Recolonization of Denuded Areas of Laminaria Forest 


In August, 1936 we were able to examine areas where the Laminaria 
forest had been cut down with shears 12 months previously. The old 
holdfasts had disappeared, and new Laminaria Cloustoni plants covered 
the area very densely, and had grown to a height of about 1 meter. The 
holdfasts were affixed very tightly to the rock. They were almost clean 
of epibiotic organisms, but a few specimens of Spirorbis were found on 





TABLE II 
Depth lllumination 
Position of sea photometer a tae ed 
(meters) (per cent) 
Under Saccorhiza, near Callophyllis 4.0 99.5 
Among Chondrus and Cladophora, in zone of 
Laminaria digitata 1.5 48 
At bottom, in old forest 3.9 98.7-99.4 
Under dense new growth of L. Cloustoni, one 
year old 4.0 99.1-99.5 
Under Laminaria Cloustoni in “ park”’ 11 82-85 
Under old L. Cloustoni forest 4.0 98.8-99.1 








The first four observations listed above were made on August 13, 1936, between 
12.25 and 1.00 P.M. G.M.T., under an overcast sky. The last two observations 
were made on August 22, 1936, between 2:08 and 3:15 P.M., under a sunny sky with 
light cirrhus cloud. On both days the wind was light, the water temperature about 
12.5-12.6° C., and the air temperature 15-16° C. All these observations were made 
at station A (Fig. 1). 


them. Some Patina were found on the stipes and fronds, but little else. 
The motile fauna associated with these young Laminaria plants was 
much poorer in numbers than that of the older forest, but was in general 
similar in constitution. 


ILLUMINATION IN THE LAMINARIA FOREST 
Apparatus and Methods 


Measurements of the light intensity at a number of positions in the 
Laminaria forest were made photoelectrically, according to the general 
methods described by Atkins and Poole (1933). The light intensities 
in air and at a chosen under-water position were measured simultane- 
ously and compared. Two “ photronic” rectifier cells, made by the 
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Weston Electric Company, were employed. Separate galvanometers 
were used for the two cells, as this was found to be an advantage in 
changeable light, and also reduced the time during which the diver had 
to wait in the cold while readings were being taken. The cells were 
mounted in water-tight containers, and could be screened either with a 
flashed opal glass alone or with a selected color filter’ underneath an 
opal glass. 

The two cells were kindly calibrated for me by Dr. W. R. G. Atkins 
of the Marine Biological Laboratory, Plymouth. The calibrations were 
carried out by daylight under a variety of light intensities, with the cells 
mounted ready for use but dry, and under opal glass without color filters. 
Submersion under a thin film of water made scarcely any difference. 
For low light intensities, and with the low external resistance used, the 
relation between current and light intensity was approximately linear. 
For most purposes 10 ohm pattern L galvanometers made by the Cam- 
bridge Instrument Company were used, but for very low light intensi- 
ties, as recorded in the depths of the Laminaria forest, it was necessary 
to use a 1000 ohm pattern LY galvanometer ; however, at these low in- 
tensities of light the linear relation noted above was found still to hold 
in spite of the increased resistance of the external circuit. 

It is recognized that the lux is not an ideal unit for present purposes ; 
and that the measurement of illumination over a wide spectral range, 
with a photocell differentially sensitive with respect to wave-length, is 
not an entirely satisfactory procedure. However, it is believed that 
these objections do not invalidate the treatment of results which will be 
followed below. 

Results 


As a result of observations made with the opal screen alone, the light 
intensity in various situations in the Laminaria forest was found to be 
only a very small fraction of that in air. A comparison was then made 
of the light intensities within the forest and in open water at the same 
depth by using curves obtained in open water (Fig. 2). In this way 
the light intensity within the forest was expressed as a percentage of 
what it would have been had there been no forest, and from this was 
computed the percentage illumination cut off by the forest. A few typi- 
cal results are given in Table II. In general the forest cut off about 99 
per cent of the available light, and new growth one year old was about 
as effective. However, in the park, only 82-85 per cent was cut off by 
the seaweeds, and the illumination at the bottom was better than in the 

1 Listed by the makers (Schott and Gen, of Jena) as BG 12 (blue, 2 mm. 


thick), VG 2 (green, 4 mm.), RG 1 (light red, 2 mm.), and RG 8 (dark red, 2 
mm. ). 
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forest, even though the depth was greater. It is not possible to say to 
what extent this condition is general on the British coast. 

The illumination at any one position in the forest fluctuates continu- 
ally owing to the movement of the fronds overhead. Therefore it was 
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Fic. 2. Graph showing illumination at various depths in open water at position 

A, on the west side of Carsaig Island (see inset to Fig. 1). A plain opal glass, 
without color filters, was used. The illumination in air is rated as 100. 
© August 12, 1936 (transmission 79-81 per cent per meter). 
A August 13, 1936 (transmission 80-87 per cent per meter). 
© August 19, 1936 (transmission 81-85 per cent per meter). 
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found impossible with our equipment to investigate in detail the quality 
of the light in the forest, as compared with that in open water. How- 
ever, since the Laminaria fronds are opaque and of a darkish brown 
color, it seems probable that not much light of any wave-length is either 
transmitted or reflected into the depths of the forest by the fronds; pre- 
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sumably most of that which reaches the depths of the forest passes be- 
tween the fronds. Therefore, results obtained with the opal alone prob- 
ably represent approximately the fraction of light of any wave-length 
which penetrates the forest, as compared with the illumination at that 
wave-length in the same depth of open water. It is therefore possible to 
estimate approximately the depths in open water at which the monochro- 
matic illumination at various frequencies is equivalent to that in the 
Laminaria forest just below low water mark. For this somewhat rough 
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Fic. 3. Graph showing illumination at various depths in open water at posi- 
tion A, on the west side of Carsaig Island (see inset to Fig. 1). Color filters were 
used in addition to opal glass. The illumination in air is rated as 100. The obser- 
vations were made on August 19, 1936. 


Blue, 350-470 mu, transmission 75-91 per cent per meter. 
Green, 500-570 my, transmission 87-93 per cent per meter. 
Light red, 620-700 mu, transmission 53-65 per cent per meter. 
Dark red, 700-750 mu, transmission 27-28 per cent per meter. 


and arbitrary procedure the illumination in the Laminaria forest has 
been taken as 1 per cent of that in open water at the same depth, and 
the transmission for light of various wave-lengths has been given the 
values obtained from Fig. 3, although indeed transmission may actually 
vary with depth. The results of this calculation are given in Table 
III, and are discussed further on (p. 334). The preferential transmis- 
sion of green light is in accord with the results of many other workers 
in coastal waters (Knudsen, 1922; Atkins, 1926; Klugh, 1927; Clarke, 
1936, 1939). 
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DISCUSSION OF ZONATION 


The zonation of plants and animals is very strongly marked in the 
littoral region of the British coast. The dominant algae are restricted 
very obviously to narrow belts along the shore; while the zonation of 
animals, although usually less precise, is fully shown by studies of popu- 
lation density and growth rate (Fischer-Piette, 1936; Moore, 1934). 
Littoral zonation may reasonably be attributed in the main to desiccation 
(Baker, 1910; Muenscher, 1915; Kanda, 1916; Jchnson and Skutch, 
1928; and Hatton, 1930, 1932), although in general decisive proof has 
not yet been given, and to a smaller degree to the effects of heat and 
light (Gail, 1919, 1922; Klugh and Martin, 1927). In response to the 
severe gradation of the controlling environmental factors, the zonation 
of organisms in the littoral region is sharply defined. 

At the upper margin of the sublittoral region, along a strip of shore 
only uncovered at low water of spring tides, there is a peculiar and char- 
acteristic zone called appropriately by Stephenson eft al. (1937) the 
“sublittoral fringe.” The characteristic algae are probably restricted 
at their upper limits by desiccation, and at their lower limits by deficient 
illumination. Wave action is maximal here, and the larger brown sea- 
weeds (Himanthalia, Alaria, Laminaria digitata), as is frequently 
pointed out, are well adapted by their pliable stipes to withstand sudden 
and violent stress. Perhaps of equal importance is the fact that at low 
tides they lie prostrate and so in the main escape desiccation. After 
low spring tides in very hot dry weather I have seen the fronds of Lami- 
naria digitata around Carsaig Island scarred with dead patches where 
they had projected from the water. However, at greater depths these 
algae of the sublittoral fringe cannot compete with the erect and less 
pliable Laminaria Cloustoni. It is noteworthy that L. digitata fails to 
penetrate the true sublittoral region except as an epiphyte of L. Clou- 
stoni; by this means it borrows the advantages of a tall erect stipe and 
achieves “a place in the sun.” On the other hand, L. Cloustoni, though 
a true sublittoral form, may by its habit of growth expose its frond to 
the dangers of emersion at low water of spring tides, and is, in fact, quite 
probably limited by desiccation. The animals of the sublittoral fringe 
are restricted at their upper limits by exposure to air, but in general 
range downwards extensively into the shallow sublittoral, since they are 
less dependent on light than are the algae. However, in certain cases 
immersion may possibly be detrimental (Moore and Kitching, 1939). 

In the sublittoral region proper the upper limits of distribution of 
organisms are determined by excessive wave action, and perhaps by 


excessive illumination in some cases; whereas the lower limits are set by 
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deficient wave action and deficient illumination. The factors effective 
in controlling zonation below the sublittoral fringe are not steeply 
graded, and therefore zonation is not sharply marked. 

The limitation of the vertical distribution of sublittoral organisms 
by wave action can be demonstrated readily, because in such cases these 
limits are raised where the coast-line provides greater shelter, depressed 
where it is more open to the waves. The upper limits of Laminaria 
saccharina, in its sea-loch form, and the lower limits of Membranipora 
membranacea and Obelia geniculata (see p. 327) are examples. The ef- 
fect of wave action upon marine organisms is complex and obscure ; and 
the amount of wave action necessary to support the existence of an or- 
ganism may depend on other environmental conditions (Moore and 
Kitching, 1939). Apart from its destructive mechanical effect, wave 
action probably influences the settling of larval forms, promotes the 
circulation of planktonic food, disturbs sediment, and obliterates extreme 
fluctuations in the physical and chemical conditions of the water. 

Limits of distribution determined by illumination, in contrast to 
those set by wave action, are likely to be relatively independent of the 
conformation of the coast-line over a small area, despite local variations 
in the loss of light at the surface of the water. The transition from 
the sublittoral fringe to the zone of Laminaria Cloustoni involves a de- 
cline in illumination at the sea botttom so great and so steep that none 
of the chief undergrowth-forming algae is common to both levels. 
However, within the broad L. Cloustoni zone, the illumination is by 
comparison almost uniformly dim, and over a range of 12 meters no 
case was found in which limitation could be attributed to illumination. 
Although the upper limits of the shade-loving undergrowth algae of 
the L. Cloustoni zone coincide with a sudden gradient of illumination, 
yet it is not clear whether these algae are restricted directly by excessive 
illumination, or by some other factor, such as a brief exposure during 
low equinoctial spring tides. It has been shown that in certain of these 
algae, Delesseria sanguinea and Plocamium coccineum (Moore, Whitley 
and Webster, 1923), and under certain conditions, the greatest photo- 
synthetic activity takes place under moderate rather than very strong 
illumination ; but for present purposes much more experimental evidence 
is required. It must also be remembered that this discussion is con- 
cerned throughout with organisms in competition, and that competition 
is likely to accentuate the sensitivity of these organisms to their environ- 
ment (Beauchamp and Ullyott, 1932). 

It is important to recognize that not only the quantity but also the 
quality of the light varies with depth. Green and blue light,—in coastal 
waters especially the former,—penetrate more readily than orange, red, 
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and ultra-violet; and therefore with increasing depth they predominate 
to an ever-increasing extent (see the review by Clarke, 1939). Atkins 
(1926) has stressed the importance of this change in quality in relation 
to the vertical distribution of algae. In spite of certain obvious excep- 
tions, it is in general true that green and brown algae are restricted to 
littoral and shallow sublittoral levels, whereas many red algae penetrate 
to greater depths. For instance, red algae have been dredged in the 
English Channel (Hamel, 1923) and off the Faeroes (Bgrgesen, 1908) 
from depths of 45 and 50 meters respectively, whereas the brown algae 
do not in general extend below 25 meters in Faeroese waters. At the 
depths to which red algae penetrate the light is mainly blue and green. 
It has been suggested (for references see Atkins, 1926) that by the na- 
ture of their photosynthetic pigments they derive the greater part of 
their energy from light of these colors; and this hypothesis may be ap- 
plied with reasonable safety to algae growing at depths where green and 
blue light vastly predominate. However, various of these shade-loving 
red algae, Phycodrys rubens, Delesseria sanguinea, Ptilota plumosa, 
found at 40-50 meters off the Faeroes, are characteristic of the under- 
growth of the Laminaria forest in the shallow sublittoral region, and are 
also found in sea caves (Bgrgesen, 1908; Rees, 1935). This implies a 
wide tolerance of variations in the spectral composition of the light. In 
spite of qualitative differences in illumination, there is clearly an eco- 
logical similarity between the shades of the Laminaria forest, the half 
darkness of caves, and the open sea bottom of the deeper sublittoral 
region. The incidence of green and blue light is probably of the same 
order in the deeper sublittoral and in the Laminaria forest (Table IIT). 





























TABLE III 
Color of light Blue Green Light red Dark red 
ont < siimeciedial = a 
Range of filters (approxi- 
mate) | 350-470 my | 500-570 my | 620-700 my | 700-750 mz 
Transmission per meter 
(see Fig. 4) | 83% | 9% | 59% 27.5% 
Depth at which monochro- 
matic light intensity is | 
equivalent to 1% of that 
in Laminaria forest near | 
low water mark 25 meters | 40 meters | 10 meters 3 meters 





Although this suggests that within the Laminaria forest the green and 
blue light alone are sufficient to support the shade-loving red algae, it 
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still remains uncertain to what extent use can be made of light of other 
colors. It seems possible from the work of Klugh (1931) that some at 
least of the deeper water red algae, though able to make an exceptional 
use of green light, may nevertheless be able to utilize profitably a consid- 
erable range of the spectrum. Much more work is needed on this 
subject. 
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SUMMARY 


1. On the shores of Carsaig Island, Scotland, the sublittoral region is 
densely forested with laminarian seaweeds down to a depth of at least 15 
meters, and probably down to a much greater depth. 

2. At the upper margin of the sublittoral region, exposed to air at 
low water of spring tides, there is a characteristic “ sublittoral fringe.” 

3. The dominant brown algae of the sublittoral fringe have pliable 
stipes, so that they lie flat at low water and escape desiccation. The 
dominant brown algae of the true sublittoral region have tall erect stipes, 
which hold up the fronds to the light. 

4. The Laminaria canopy at depths of 1-6 meters cuts off about 99 
per cent of the available light. At 6-12 meters the forest is less dense, 
and relatively more light penetrates. There is therefore a sharp decline 
in illumination between the sublittoral fringe and the Laminaria forest 
just below it; but within the forest the illumination changes much less 
over a considerable range of depth. 

5. Wave action is considered to be maximal in the sublittoral fringe, 
and to decrease gradually with depth. 

6. The undergrowth-forming algae fall into two clearly defined 
groups—one group confined to situations of high illumination, such as 
the sublittoral fringe and the upper parts of Laminaria stipes; and the 
other to dark places, such as the rock surface in the depths of the forest 
and the lower parts of the Laminaria stipes. 

7. The undergrowth of the Laminaria forest is practically uniform 
in composition within a vertical range of about 12 meters, and probably 
more. 
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8. Vertical distribution is determined chiefly by wave action in the 
case of one laminarian alga, two polyzoa, one hydroid, and probably 
other organisms. 

9. It was found that on artificially denuded areas new Laminaria 
Cloustoni plants grew to form a forest 1 meter high in 12 months. 

10. It is concluded that whereas the steeply graded zonation of the 
littoral region is to be ascribed in the main to desiccation, the more gentle 
zonation of the sublittoral region depends on illumination and on wave 


action. 
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FURTHER EXPERIMENTS IN CROSS- AND SELF- 
FERTILIZATION OF CIONA AT WOODS HOLE 
AND CORONA DEL MAR 


T. H. MORGAN 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, and the Marine Biological 
Laboratory, Woods Hole, Mass.) 


Of the many studies that have been carried out on the development 
of the eggs of marine animals, it is surprising how little attention has 
been paid to the development of 100 per cent normal embryos or larvae. 
Even in the case of the sea-urchin, where hundreds of experiments have 
been reported, the percentage of normal embryos is seldom, if ever, 
recorded. Many workers are contented with batches of these eggs in 
which the fertilization membrane is given off in practically all the eggs, 
but even then the number of such eggs that produce normal plutei is 
seldom stated. E. E. Just, almost alone, has emphasized the importance 
of using normal sea-urchin’s eggs, and also the need of paying the 
strictest attention to the environment in which the eggs develop. Albert 
Tyler has also taken great care to use only normally developing eggs in 
his physiological experiments. 

Sea-urchins brought back from the collecting grounds in crowded 
jars or in buckets to the laboratory or those kept in floating cars, or kept 
without food in aquaria are sometimes recognized as a source of ab- 
normalities, but the condition of their eggs is, as a rule, ignored. 

In the earlier work on artificial fertilization the occurrence of “ swim- 
mers” was often reported as indicating a successful result, but every 
embryologist knows that “ swimmers ” are abnormal embryos. Only as 
methods improved were normal plutei reported, but practically never was 
the percentage of normals given. 

Most of those who have used sea-urchins are familiar with the fact 
that individuals are frequently met with whose eggs fail to give off a 
normal fertilization membrane, although the eggs appear to be normal. 
To what extent this is due to the eggs not being “ripe” or overripe is 
seldom known, even though in sea-urchins the polar bodies have been 
given off when the eggs leave the wall of the ovary and are presumably 
mature. In the starfish, on the contrary, the eggs free in the ovary still 
contain the large germinal vesicle which will disappear to form the polar 
spindle when the eggs are removed to sea water. It is well known, how- 
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ever, that such eggs often develop abnormally when fertilized. When a 
starfish spawns normally, the eggs, before extrusion, have matured, i.e., 
the germinal vesicle has disappeared, and it is recognized that such eggs 
give, as a rule, normal development. Of course, it is known that poly- 
spermy in the sea-urchin is one of the factors of abnormal development, 
and this holds for other animals whose eggs are fertilized in the labora- 
tory. Fortunately, in Ciona polyspermy is a relatively rare occurrence, 
and this source of abnormal development is practically eliminated. 
Nevertheless, sets of eggs that give 100 per cent two-cell stages some- 
times give rise to some or to many abnormal embryos. 

So far I have referred to what appear to be internal factors in the 
eggs themselves which cause abnormal development. What these fac- 
tors are, aside from immaturity or over-ripeness, is generally unknown 
and has been little studied. On the other hand, it is well known that 
developing marine embryos are extremely sensitive to external factors 
such as temperature, salinity, impurities in the water, bacteria, etc. In 
forms that develop slowly (outside the parent), the chances of unfavor- 
able conditions appearing are much increased, but even in rapidly de- 
veloping forms, such as Ciona, external factors may also play a signifi- 
cant role. Fortunately, in this animal the completely formed tadpoles 
develop at 22° C. in fifteen hours or less, and it is not difficult to control 
the environmental factors during this time. But, as the following ex- 
periments clearly show, unless the eggs are thoroughly washed and the 
excess of sperm removed, abnormal development is apt to occur. Even 
then, however, different individuals may give quite different results 
when the environment is apparently the same for all. Perhaps this may 
be expressed by saying that the eggs of different individuals respond 
differently to the same environmental differences. If this is the correct 
interpretation, as the evidence at hand seems to indicate, it is evident 
that contradictions may appear when the eggs of different individuals 
are treated in the same way. This possibility makes the problem diffi- 
cult, but repetitions of the same kinds of experiments have helped to 
clear away some of the apparent contradictions. 

The most puzzling problem is the occurrence of both normal and 
abnormal larvae in the same culture of Ciona. The numbers may vary 
from one or two normals to 99.5 per cent normals. Sets of eggs of one 
individual fertilized by sperm of one other individual tend to give the 
same proportions, under external conditions that are the same, but even 
here, exceptionally, the ratios may vary. Different samples of eggs may 
account in part for these differences, even when an attempt is made to 
make the samples the same. Differences in the position of the eggs in 
the dishes may make for differences, but when few are present they space 
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themselves equally on the bottom, and even when several thousand are 
present in a thin layer of water, practically 100 per cent may be normal. 
“ Accidents” of development, such as the position of the cleavage 
planes, may be another factor, but it is impossible to say what causes 
these accidents,—whether they are internal or external. 

The western Ciona, like the eastern one, sets free its eggs and sperm 
in the early morning in response to a change from darkness to light. In 
general, therefore, fewer eggs are found in the oviduct in the later morn- 
ing than in the afternoon, and the former may be said to be younger 
than the latter, although all have formed the polar spindle before leav- 
ing the ovary. No difference has been observed between the younger 
and older eggs in respect to the development of normal embryos. When 
Cionas are brought into the laboratory and kept in running water, or 
in aerated water, the eggs may accumulate, in some individuals at least, 
until the oviduct is swollen with them. They may be two or three days 
old, yet produce as many normals as eggs from freshly-caught indi- 
viduals. If the water is changed daily and kept clean, and only a few 
Cionas kept in the same jar, the eggs are good for at least three days. 

My interest in the problem of abnormal development in Ciona is only 
secondarily concerned with the problems mentioned above. It became 
necessary to find out to what extent the abnormal development is due to 
internal factors on account of its possible relation to the genetic prob- 
lem of self-sterility and cross-fertilization in Ciona. If abnormal de- 
velopment is due to inherited genetic factors, then its occurrence, if regu- 
lar and internal, might be due to genetic lethals whose presence might 
bear on the main problem. 


New Experiments with Ciona at Woods Hole, Mass. 


The results of experiments with Ciona at Woods Hole which I car- 
ried out during the years 1904 and 1910, are in some instances more 
erratic or irregular than those obtained in recent years with what is said 
to be the same species on the California coast. This is true, moreover, 
of experiments that I carried out in 1904 at Coronado Beach, California, 
on Ciona which is undoubtedly the same type that is found at Corona 
del Mar. I was inclined to think that the methods of handling the eggs 
in the earlier experiments at Woods Hole might account for the differ- 
ences, and therefore when I had a chance to test out the Woods Hole 
form during September, 1940 I carried out some experiments that I 
hoped would show whether the differences are due to the earlier tech- 
nique employed, or to differences in the material itself. Two kinds of 
tests were carried out. There were five of the 5 * 5 cross- and self- 
experiments, and five experiments of a different kind. 
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In the 5 < 5 tests a larger amount of water was used than in the 
former experiments at Woods Hole; also the eggs were washed in one or 
two changes of water. The eggs were then concentrated in a small 
amount of the water, and 7 to 10 drops of the eggs were then transferred 
to Stender dishes containing 20 cc. sea water. The cleavages were noted, 
and after 20 to 24 hours the kind of development recorded. In all cases 
(100 in all) the cross-fertilized eggs gave 100 per cent cleavage. There 
were no failures to cross-fertilize. In the 25 selfed lots most gave no 
cleavage (except that in one case 95 per cent cleaved), but there were a 
few cleavages in some lots. It is to be noted that only 5 drops of sperm 
suspension were used, and the concentration of sperm was not large since 
the individuals were small. 

The first lots came from a float in the seal-pool of the Fish Commis- 
sion. There were at least a thousand Cionas on the float when removed ; 
most of them were only half grown, but a few had eggs and sperm. 
Those reported in the first three sets came from this float; those in the 
two remaining sets came from the supply tank on the roof of the labora- 
tory. These were also small individuals and only a few were mature 
or had enough eggs for the tests. 

I. (Sept. 16, 1940.) All of the cross-fertilized eggs gave 99 or 100 
per cent cleavage (except one that gave 50 per cent). The five selfed 
sets gave 0, 25, 25, 50, 40 per cent cleavage. The total number of eggs 
in the dishes (20 cc.) was between 50 and 100. After 24 hours it was 
found that three lots of eggs, viz., c, d, e, gave very abnormal embryos ; 
one lot, b, gave all normal or late abnormal stages; and another lot, a, 
gave normal, late abnormal tadpoles, and early abnormal tadpoles. It 
was very noticeable that the eggs rather than the sperm determined the 
kind of devlopment that took place. Over and beyond this, however, 
there are differences in the different lots of eggs of the same set that 
seem to follow the sperm, or the combination of eggs and sperm. 

II. (Sept. 16, 1940.) These Cionas came from the same float as the 
last. They had been kept in the laboratory in running water for one 
day. The 20 crossed lots gave 100 per cent normal 2-cell stages ; rarely 
one or two of the selfed lots divided. Five drops of sperm suspension 
were used, and 15 cc. sea water. Taking the crossed eggs in the hori- 
zontal lines, aB and aC gave abnormal embryos, aD normal tadpoles and 
aE late embryos. The next lot, b eggs, gave all normal tadpoles as did 
the c eggs. The e and the d eggs gave nearly all abnormal embryos. 
The eggs appear responsible for the differences, and not the sperm, which 
was the same in each of the vertical lots. 

IIT. (Sept. 18, 1940.) These came from the same source as I, but 
had been kept in running water in the laboratory for two days. Only 
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a few of the Cionas had enough eggs for the experiment. The sperm 
duct was better. Five drops of sperm suspension were used, and the 
eggs were in 16 cc. sea water when fertilized. Most of the supernatant 
fluid was then drawn off the eggs, and 10 drops of eggs added to 20 
cc. sea water in Stender dishes. There were 75 to 150 eggs in each dish 
(fewer in d). All 20 crosses gave 100 per cent regular cleavages, ex- 
cept Ad and Bd, that had a few irregular cleavages. None of the eggs 
selfed. The cross-fertilized eggs gave abnormal embryos that died 
young (stage d and e). (See Morgan, 1938a, p. 305.) 

IV. (Sept. 19, 1940.) These Cionas came from the tank on the 
roof of the laboratory. The cleavage was not observed. The eggs were 
washed twice in sea water and 12 drops transferred to each dish (20 
cce.). Five drops of sperm suspension were added to each. Four of the 
egg-lots gave normal and nearly normal tadpoles, one gave very abnormal 
embryos. Two dishes, eA and eB, contained only 10 cc. sea water and 
these gave very abnormal embryos, although the other two, eC and eD, 
gave normal and abnormal tadpoles. 

V. (Sept. 21, 1940.) This lot also came from the tank and had been 
kept two days. The eggs were washed once; then eight drops were 
added to each Stender containing 20 cc. sea water, where they were ferti- 
lized (5 drops). Four of the lots had some normal and bent tadpoles, 
but even these dishes had, for the most part, abnormal embryos; one lot 
had only very abnormal tadpoles. It is not evident in this set whether 
the great variability in each dish and between different dishes is due to 
the condition of the eggs or to the presence of the sperm in the dishes. 
One dish of selfed, e£, gave 113 short abnormal tadpoles, 12 late ab- 
normal and 4 abnormal embryos; the other selfed lots had nearly all 
unfertilized eggs. 

It is quite evident even from these few experiments that practically 
100 per cent cleavage occurs if the eggs are washed and not too much 
sperm added. Evidently these Cionas at Woods Hole behave in the 
same way as those at Corona del Mar. The cleavage irregularities in 
the 1904 and 1906 experiments must have been due to handling. It is 
also clear here that despite the occurrence of the normal 2-cell stage, the 
eggs of several of the individuals gave abnormal embryos and abnormal 
tadpoles. 

Some further tests were made on some of these Woods Hole Cionas 
in order to study the effect of external conditions on development. 

(Sept. 19, 1940.) The eggs were washed, then cross-fertilized (4 
by b and B by a) by 5 drops of sperm suspension. All eggs in both 
sets cleaved. In the two-cell stage the eggs (5 drops) were transferred 
to 10, 20, 40 cc. of sea water. All sets gave abnormal embryos. These 
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results are clearly due to the condition of the eggs and are nearly the 
same as two of the lots in the 5 by 5 tests of the same date. The other 
three lots of the same 5 by 5 test gave mostly normal tadpoles. 

(Sept. 21, 1940.) Two small Cionas from the tank were used. The 
eggs were washed once, and 10 drops were transferred to 10 and 20 cc. 
sea water, where they were fertilized (5 drops). A by 3, in 10 cc., gave 
late abnormal embryos, and in 20 cc. 49 nearly normal tadpoles and 19 
normals. B by a, in 10 cc., gave the same result as above; and in 20 
cc. there were 85 normals and 3 abnormal tadpoles. Here 20 cc. gave 
distinctly better results than 10 cc. It will be noted that 5 drops of the 
sperm suspension were left in each dish. 

(Sept. 21, 1940.) The water was changed once on the eggs, then 
they were cross-fertilized (5 drops). The supernatant water was then 
largely removed and 8 drops of eggs added to each dish of 10 and 20 cc. 
sea water. The A by bd in 100 cc. sea water gave 95 per cent normals ; 
and in 20 cc. gave 99.5. But B by a in 10 cc. gave 145 abnormal em- 
bryos and in 20 cc. gave only 9 normal tadpoles, 6 bent and 109 abnormal 
tadpoles. Here also the results were a little better when more water was 
present, but there was a striking contrast between the reciprocal crosses. 

In a repetition of the same experiment on the same date, A by b eggs 
in 10 and in 20 cc. sea water gave abnormal tadpoles; B by a eggs in 10 
cc. gave abnormals as before, but in 20 cc. gave 393 normals, 109 twisted 
tadpoles and 62 eggs or young embryos. 

(Sept. 24, 1940.) The eggs were washed once. Ten drops of eggs 
were then transferred to 20 cc. sea water in two dishes (aanda’). Here 
they were fertilized with 5 drops of sperm suspension. After 15 min- 
utes the water was removed from one dish (a’) and replaced by new sea 
water. All sets gave 100 per cent cleavage. The embryos in a died 
young, but a’ gave 6 nearly normal, 40 crooked tadpoles, and 76 very 
abnormal tadpoles. Evidently the latter set went further than the 
former (in’ which the sperm was left). The reciprocal cross, B by a, 
gave somewhat better results. In b there were 11 normal, 12 crooked, 
and 59 very abnormal tadpoles. In b’ there were 14 normal, 14 crooked 
and 49 very abnormal tadpoles. The results were the same in b and D’, 
and somewhat better than in a and a’. 

It is very noticeable that with the better technique practically all the 
cross-fertilized eggs in the set of experiments gave 100 per cent cleavage, 
but nevertheless there was a high percentage of abnormal development. 
The latter can only be ascribed to internal conditions in the eggs or 


sperm, probably in the former. The Cionas were just reaching maturity, 
i.e., about half normal size. The test was transparent and thin. It 
seems safe then to ascribe the abnormal development to immaturity of 
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the animals although the eggs had every appearance of being normal. 
There is here a rather sharp contrast between the normal behavior of the 
eggs and sperm with respect to cross- and self-fertilization, and the 
failure of many of the fertilized eggs to produce normal tadpoles. 


Review of Earlier Work 


In the summer of 1903 (see Jour. Exper. Zool., 1904) I made four 
5 by 5 experiments on Cionas at Woods Hole, Mass. In one of them 
practically all the cross-fertilized eggs segmented. In another the sperm 
completely failed in two cases and practically in a third (giving 30 per 
cent in one case), although the eggs were good as shown in the other 
two cases. In a third test the sperm was not very good (except in one 
case). Ina fourth test the sperm was not good in one case (except with 
one set of eggs where it gave 75 per cent cleavage). It seems now evi- 
dent that the failure to cross-fertilize was due to the sperm suspension, 
and not to the conditions under which the tests were made. 

Six years later (1909. See Roux’s Archiv., 1910) abundant mate- 
rial was available at Woods Hole and fifteen 4 by 4 tests were carried 
out (180 crosses in all). Of these only two gave uniformly good re- 
sults. In some, the four lots of eggs were obviously poor, in others the 
sperm, but in all of them (except two) there were inconsistent results as 
though certain combinations were incompatible, but in the light of the 
results with the California type of Ciona it seems highly improbable that 
these failures to cross-fertilize (i.e., to cleave) were due to the presence 
of individuals with identical genetic composition, and there is no evi- 
dence that the results were due to differences in the environment. 

In 1932 (Sept. 19) a few large Cionas were brought to me at Woods 
Hole. I tried out one 5 by 5 experiment for the cleavage. All cross- 
fertilized eggs gave nearly 100 per cent (one 95 per cent). The selfed 
lots gave 0, 0, 8, 0, 4 per cent. This is the same kind of result as with 
the California type. Some other eggs were treated with crab juice (Cal- 
linectes) for four hours, and then selfed. They gave practically 100 
per cent cleavage. When treated with acid sea water and selfed they 
gave 100 per cent cleavage. In both respects these eggs agree with the 
California Cionas. It is noticeable, in comparison with the later (1940) 
experiments at Woods Hole on small immature Cionas, that these Cionas 
were large, and the results were uniform and good. 

In the summer of 1904 I spent a couple of weeks at Coronado Beach, 
California, at the abandoned yacht club that had been used earlier as a 
marine station of the University of California. There were quantities 
of large Cionas on the float at the station. The laboratory room was 
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very warm during the daytime and the glassware insufficient. Only 
small saltcellars were available for the eggs, etc. The results of eight 
5 by 5 tests were published in 1905. On the whole, the results for 
cleavage were poor and irregular. There were at least 17 cases where 
the sperm gave no cross-fertilization or very little, and almost as many 
cases where the eggs were poor, in the sense that they did not cleave 
although they had every appearance of normal eggs. That the heat in 
the laboratory was not the cause of the failure to cleave was evident since 
in every set there were cases of normal (100 per cent) cleavage, but the 
heat may account for the almost entire failure to give normal embryos. 
The dishes were treated uniformly, although owing to the abundance 
of sperm, too much may have been used, which, while not affecting the 
cleavage, would affect the development. The only explanation I can 
offer is that the temperature of the water in the basin around the float 
had injured the reproductive cells before the Cionas were removed. 


The Causes of Variability of Normal and Abnormal Development 


From March to the end of June and again during October and 
January, 1940-41, I repeated, with improvements in the technique, 
some of the earlier experiments that had been made to find what con- 
ditions determine whether normal or abnormal development takes place, 
whether internal or external. 

It had become evident from previous experiments that better, i.e., 
more uniform results, take place if the eggs are thoroughly washed, 
then fertilized with a few drops of sperm suspension, most of the super- 
natant fluid removed, fresh water added, and, after the eggs have settled, 
most of this water also removed leaving only enough to supply a drop 
of eggs to each of the dishes in which the eggs are to develop. An 
experiment of this kind was made (Oct. 19) at Corona del Mar with 
Cionas freshly brought in. The eggs were washed, and 10 cc. of fresh 
sea water added. They were cross-fertilized by 5 drops of sperm sus- 
pension, and after 10 minutes the supernatant fluid was drawn off 
(except 20 drops). One drop of these fertilized eggs was added to 
10 cc. sea water (in each of 10 dishes). The eggs were brought back 
to Pasadena in closed Stender dishes, except the last four that were 
brought back in closed vials. A by b gave the following figures: 


94, 97, 99, 93, 99, 99, 99, 99.5, 99.5, 99.5 per cent tadpoles 


The reciprocals, B by a, gave a much smaller percentage of normals: 


49, 46, 28, 24, 3, 59, 38, 31, 35 per cent tadpoles 


The latter figures are less than half the former and there is more vari- 
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ability, although the external conditions were made as like as possible. 
The differences in the two cases seem to depend on the eggs or on the 
sperm (or both). The amount of sperm carried over with one drop 
of fertilized eggs must have been too small to affect the results, even 
if there was some initial difference in the sperm suspensions. 

The next day (Oct. 20) the same experiment was carried out with 
fresh eggs from the adult Cionas that had been brought to Pasadena. 
The results were very uniform, giving 99 per cent throughout (except 
one, 95 per cent). Repeated four times (Oct. 20-21) all gave about 
100 per cent normals. 

In order to test further (Nov. 3) whether the transportation of seg- 
mented eggs in closed Stender dishes gives the same results as do those 
left at Corona del Mar, since in one case not reported here some of the 
former were abnormal, the eggs of fresh Cionas were washed twice, 
then fertilized, and after 15 minutes the supernatant fluid was taken off 
(except about 20 drops). Then one drop of these fertilized eggs was 
added to each of 20 Stender dishes (20 cc.). Ten of these dishes, 
A by b, were taken (after 4 hours) to Pasadena. The percentages of 
normal embryos were: 52, 74, 80, 95, 91, 52, 96, 0,1 55, 80 per cent; 
average 75.0 per cent.- The other ten dishes left at the shore gave: 100, 
99.5, 100, 99.5, 99.5, 0, 60, 100, 70, 100 per cent ; average 92.1 per cent. 
In each set there was one dish that gave no normals; both had dirt in 
them and were disregarded. Those left at the shore had a higher level 
of normals, which is probably not significant. Difference in temperature 
was not involved here, since the car was cool. Six dishes of the re- 
ciprocals, B X a, were also tested in the same way. Those taken to 
Pasadena gave : 93, 87, 87, 93, 92 per cent. These average a little better 
than the corresponding A by b. Those left at Corona del Mar gave: 
100, 99, 99, 99.5, 93 per cent. The differences are probably not sig- 
nificant since the percentages are estimates only. 

The following experiment was made with Cionas (Nov. 11) that 
had been kept for two days (with change of water). The eggs were 
washed twice and all fertilized by five drops of sperm suspension. 
After 15 minutes the supernatant water was changed, and one drop of 
eggs put into each of ten Stender dishes containing 15 cc. sea water. 
The reciprocal test was treated in the same way. The percentages in 
the first dishes were: 68, 69, 69, 73, 79, 80, 70, 78, 76, 80 per cent. 
The abnormals were of two kinds, viz., late abnormal tadpoles and early 
abnormal embryos in about equal numbers. The reciprocal ten dishes 
gave: 96, 97, 97, 96, 96, 98, 97, 99, 97, 99 per cent. The percentages 

1 All were late abnormal tadpoles. The contrast with the others is not so 
great as it appears to be. 
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are higher here than in the other ten dishes, and there is less variation. 
Many of the eggs (4224, and 4624) were left over in the original 
Syracuse dishes containing little water. Despite the small amount of 
water and the large number of eggs, the percentages (4 by b= 80 per 
cent, B by a= 98 per cent) were not very different from those above. 
The Cionas used in the next experiment had been brought to Pasa- 
dena (Oct. 12). Two days later (Oct. 14) the eggs of one of them 
were distributed in 10 dishes (10 cc. sea water), fertilized by sperm 
of another individual (one drop). The sperm was left with the eggs 
in this case, but only one drop to each dish. The actual counts were: 


Normal Tadpoles 163 138 196 188 65 43 89 104 108 80 
Abnormal tadpoles: 10 2 2 2 4 1 1 — 1 — 
Abnormal embryos: SS ius 137 157 55 86 87 102 71 75 
Counting both kinds of abnormals together, the percentages of normals 
are 60, 55, 58, 54, 52, 33, 50, 50, 60, 52. The variability is not much, 
but the percentages of normals are low. 

The reverse (not reciprocal) test, with eggs that came from the same 
individual that supplied the sperm above, fertilized by sperm from one 
other Ciona, was much the same, but somewhat better : 


Normal Tadpoles 45 78 50 65 102 70 100 124 59 165 
Abnormal tadpoles: 29 12 12 2 8 29 11 13 30 16 
Abnormal embryos: 15 13 8 8 21 22 18 22 16 30 


The percentages are 50, 75, 71, 87, 78, 58, 78, 78, 56, 78. The per- 
centages of normals are low in both these tests, and not obviously 
environmental. 

Since the experiments in which reciprocals are tested often show 
differences in the proportions of normal embryos, some further tests 
(Jan. 10 and 14) were made in which the eggs were first washed in 
two changes of water, and, after fertilization, the supernatant fluid was 
changed twice. At the two-cell stage one drop of eggs was added 
either to 10 cc. in a Syracuse dish or to 20 cc. in a Stender. The dishes 
had been washed with a weak hydrochloric acid solution, put into 
running tap water for two hours and then rinsed in distilled water. 
In one case (10 cc.) A by b gave 100 per cent; B by a 80 per cent. In 
another case (10 cc.) A by b gave 90 per cent and B by a 80 per cent. 
There were two dishes of each which gave the same results. Also the 
many left-over eggs in each case gave approximately the same ratios. 
Furthermore, some of the unfertilized eggs kept in another dish and 
fertilized by sperm of a third individual gave about the same kind of 
results. The same statement may be made for two other reciprocal 


pairs in 20 cc. sea water. These results are in line with previously re- 
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corded cases showing often different proportions of normal tadpoles in 
reciprocals. 

Finally another test (Jan. 13) of the same kind with the same pre- 
liminary precautions was made in which ten similar dishes (20 cc.) were 
made up of the cross and ten of its reciprocal. This experiment was 
made as a further check on different dishes of the same sort which 
should give more precise confirmation as to the reliability of the experi- 
ments. The actual counts are given in Table I. In the first column 
the number of normal tadpoles is given; in the second the number of 
abnormal tadpoles which were crooked or twisted; and in the third the 
abnormal embryos that had died at an early stage without evident 
differentiation.” 

TABLE I 
A by b B bya 
Abnormal Abnormal Per- Abnormal Abnormal Per- 


Normal Tadpoles Embryos centage Normal Tadpoles Embryos centage 





1 247 74 12 74 1 54 23 7 64 

2 138 2 11 91 2 22 0 4 85 

3 275 17 11 90 3 17 8 2 63 

4 137 11 11 86 4 +0 7 i 83 

5 167 0 9 95 5 88 0 9 91 

6 184 § 7 94 6 28 0 1 96 

7 332 8 17 93 7 32 0 1 97 

8 63 102 + 37 8 1 205 9 0.5 

9 111 4 8 90 9 96 0 3 97 
10 1 30 10 87 0 9 90 


53 111 1 


Several of the ratios in Table I call for comment. The ratios are 
made up of the normals against the two kinds of abnormals taken to- 
gether. Except for 8 and 10 in A by 3b, where the ratios are 37 and 
30 per cent, the other ratios are nearly the same. In these two the low 
ratio is due to an excess of “abnormal tadpoles.” Again, in B by a 
the ratios are nearly the same, except for 1, 3 and 8. Here also the low 
ratios are due to excess of abnormal tadpoles and not to younger stages, 
i.e. “abnormal embryos.” Number 8 had only one normal tadpole. 
The total average for A by bd is 77.2 and for B by a 76.9. If number 8 
is eliminated, the difference between the two crosses is small. I am in- 

2 The left-over eggs (about 2004) of A by b gave about 99.5 per cent normal 
and 5 per cent early embryos, and B by a (about 700 eggs) gave about 80 per cent 
normals, 15 per cent abnormal tadpoles and 5 per cent abnormal embryos. These 
results are about the same as those in Table I, where fewer eggs and much more 
water were present. In addition a few (150 and 100) eggs of a were fertilized 
each by sperm from a third individual, and gave, respectively, C by a about 95 
per cent normal and C by b 95 per cent normals, which are as good percentages as 
the best in the table. 
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clined to think that the “‘ abnormal embryos ”’ are due to internal factors. 
Polyspermy is rare and only a part of this kind of embryo can be as- 
signed to it; the others are probably due to failure to cleave normally 
in an early stage. On the other hand, most of the “ abnormal tadpoles ” 
seem to be due to environmental factors, especially the extreme cases. 
The individuals of this group have for the most part developed nearly 
normally to a late stage and their defects are due to failure to straighten 
out at the time of hatching. Nevertheless, since in the less extreme cases 
of low ratios the large majority of the eggs have developed normally, 
the environmental factors must have been nearly normal, which would 
mean that some of the eggs were more sensitive to outside agents than 
are others. This conclusion is borne out in some of the earlier experi- 
ments where more normals were present when the eggs developed in a 
larger volume of sea water, which would tend to dilute those external 
agents that act injuriously. In the earlier experiments, where reciprocal 
crosses were made, differences in the sperm suspension was probably 
one of the factors that would account for the difference between the cross 
and its reciprocal, but in these later experiments that factor is prac- 
tically eliminated by washing the eggs and removing the supernatant 
sperm suspension. The eggs were thoroughly mixed and one drop 
only of the eggs was added to each 10 or 20 cc. of sea water. It is un- 
likely then that the differences in the dishes of the same composition are 
due to factors of this kind, and can only be ascribed to differences in 
the dishes themselves. A number of further tests of reciprocals were 
made which need not be recorded here, but which confirm the conclusion 
that reciprocals may consistently give different ratios which can only be 
due to internal factors in the eggs. Since no definite ratios appear in 
the data, it is highly probable that there is no specific lethal genetic factor 
involved. 


The Development of Eggs from Different Levels of the Oviduct 


In order to find out whether eggs from different regions of the ovi- 
duct give different percentages of normals, the following experiments 
were made. A very large Ciona, freshly collected (Nov. 23, 1940), 
was opened and the long oviduct was tied off by two ligatures into three 
sections, one near the outlet, one in the middle, and one next to the 
ovary. The first section would be expected to contain the oldest eggs, 
and the section next the ovary the eggs most recently set free from the 
ovary. Each section was opened separately. The eggs were washed 
twice, cross-fertilized with five drops of sperm suspension, which was 
largely removed when the eggs had reached the two-cell stage. Fresh 
water was added and then drawn off and replaced by fresh water (10 
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ce.). The first and second sections gave 100 per cent normal tadpoles. 
There were about 2,000 eggs in each dish. The third section (nearest 
the ovary) gave 85 per cent normals and 15 per cent bent and coiled 
tadpoles ; 800 eggs in all. These differences are not significant as later 
results showed. 

The experiment was repeated the next day (Nov. 24, 1940) on 
Cionas brought to Pasadena. The first and second (bracketed) are 
reciprocals as are also the third and fourth. 


Section 1 Section 2 Section 3 
80 90 99 
99 70 70 
'99.5 100 100 
\99.9 100 100 


There were from 800 to 1200 eggs in a dish (Syracuse) in only 10 cc. 
water, yet the percentage of normals was very high. There is no ap- 
parent difference in the percentages from the three different regions. It 
follows that different percentages of normals and abnormals in other 
experiments, when the eggs from the oviduct were used, are not due to 
age differences in the oviducal eggs. 


e Cleanliness of the Glassux 
The Cleanlin f the Glassware 


The failure to get uniform results relating to normal development 
when the conditions of the experiments have been made as uniform as 
possible drew attention finally to the cleanliness of the glassware. As a 
rule the dishes were used for no other purpose, and were washed in tap 
water after each experiment, and drained, partly inverted, and not used 
again until dry. It was noticed that whenever drops of water had re- 
mained sticking to the glass and evaporated there a slight residue or stain 
was left. There was not sufficient reason to suppose such a minute 
amount of salts could affect the results, but, as a check, the dishes in one 
test were put into cleaning fluid, washed in running tap water and rinsed 
in distilled water, and used at once (Dec. 1). In four sets over 95 per 
cent normal tadpoles developed, but in one set the tadpoles failed to 
come out of the membrane. Clearly all the cleaning fluid had not been 
removed in this set. As a check the experiment was repeated (Dec. 2), 
omitting the cleaning fluid, and washing with distilled water and the 
double distilled water used in the last experiment. Normal tadpoles de- 
veloped, 95 to 100 per cent. Finally, 10 dishes were scrubbed with 
trisodium phosphate, washed thoroughly in running water and drained. 
Washed eggs in the two-cell stage were added to 10 cc. sea water in 
Stender dishes. All gave late abnormal embryos. There were eight 
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control dishes washed only in tap water which gave normals (most of 
them 100 per cent). When the same kind of experiment was repeated, 
but, after scrubbing the dishes in trisodium phosphate, they were washed, 
rinsed in 10 per cent HCl, and washed again, they gave 90 to 100 per 
cent normals, as did the controls washed in tap water, as also did some 
other dishes rinsed in HCl, and washed in tap water. As a further 
check other dishes were scrubbed in the trisodium phosphate and very 
thoroughly washed in running tap water. These also gave 99 to 100 per 
cent normals. It is evident from these experiments that the developing 
embryos are very sensitive to even traces of the chemicals used here in 
cleaning the dishes. The ordinary procedure of washing in tap water 
gives the best results, as a rule. Any salts that happen to remain as 
stains do not interfere with normal development. In fact, unless the 
utmost care is taken in removing the chemical material used to clean the 
dishes, there is more risk of causing abnormal development than from 
ordinary tap water. 


Summary 


A repetition of some of the earlier work on Cionas at Woods Hole 
(in 1904, 1905, 1910), with improvements in the technique that the 
later work at Corona del Mar had shown to be important, has made it 
clear, so far as cross-fertility and self-sterility are involved, that the 
Woods Hole type gives the same results as the California type. The 
very eccentric results concerning normal and abnormal development 
shown in the earlier experiments appeared again, and were found not to 
be due entirely to differences in technique, but to differences in the eggs 
of the Cionas themselves, connected, in part at least, with immaturity of 
the animals, even when their eggs and sperm appeared to be normal, 
and when the eggs cleaved normally, at least into two cells. 

Some of the later work, carried out at Corona del Mar in 1940 when 
greater care was taken in removing the egg-water (by washing the eggs) 
and also in removing the excess of the sperm suspension, is reported. 
In most cases the eggs were fertilized en masse, and, after washing again 
and removing the excess of water, a drop or two only of the eggs was 
added to the sea water (10 to 20 cc.) in Stender dishes. The reciprocal 
cross was made in the same way. It was found that there is a marked 
tendency for all the dishes of the same cross to give closely the same 
percentages of normal tadpoles, but there were occasional dishes that 
gave more extreme variations (usually more abnormals). These are due 
to environmental factors. The cross, when compared with its reciprocal, 
frequently gives different percentages of normal development when the 
external conditions (water and dishes) are as nearly the same as possible. 

































352 T. H. MORGAN 


Evidently, then, the eggs of different individuals in reciprocal crosses 
may give different percentages, although from a genetic (chromosomal) 
point of view the two are, on the average, identical after fertilization. 
It seems to follow, then, that this difference must lie in the cytoplasm 
of the eggs which in each case has been formed under the diploid condi- 
tion of the eggs. There is also other evidence supporting such an inter- 
pretation. It should be pointed out, however, that, as a rule, the per- 
centages of the two reciprocals are the same or nearly so. When they 
differ more markedly there are no definite ratios between them, so far 
as the observations go. 

A number of experiments were also made to test whether differences 
in the dishes, used in the experiments after washing in tap water and 
drying, are responsible for the variability sometimes found in the same 
series. There is no evidence that this is the case if the dishes have been 
carefully washed and drained. On the other hand, if they have been 
cleaned by the ordinary chemical treatments there is evidence of effects 
on the development unless great care is taken to remove every trace of 
the cleaning fluid. 
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RELATION OF THE SIZE OF “ HALVES” OF THE 
ARBACIA PUNCTULATA EGG TO CEN- 
TRIFUGAL FORCE 


ETHEL BROWNE HARVEY 


(From the Marine Biological Laboratory, Woods Hole, and the 
Biological Laboratory, Princeton University) 


The centrifugal force used in my previous work (1932-1940) to 
obtain “halves”? of the egg of Arbacia punctulata has been about 
10,000 * g. With this force, the egg breaks into two halves :—a (light) 
white half containing oil, nucleus, clear layer, mitochondrial layer and 
some yolk; and a (heavy) red half containing most of the yolk and all 
the red pigment granules. A small electric centrifuge was used, whose 
highest speed is approximately 10,000 R.P.M., or 160 R.P.S. The 
hematocrit tubes used to hold the material were 6.5 cm. long with an in- 
side diameter of 0.35 cm. When placed in the arms of the centrifuge, 
the radial distance from the axis of the centrifuge to the position of the 
eggs while rotating was 10cm. The centrifugal force is computed from 
the equation 

F= 04 RX (R-P.S.)? 


where R —radius in cm. and the force is expressed in times gravity. 

Approximately this same force (10,000  g) has been used by others 
to obtain the red and white halves for studies on permeability to water 
(Lucké, 1932), respiration (Shapiro, 1935), indophenol oxidase (Navez 
and Harvey, 1935), peptidase (Holter, 1936), and dehydrogenase (Bal- 
lentine, 1940). The segregation of different materials into the two 
halves has furnished a nice means of determining the location of various 
cell activities. 

In any one batch of eggs, the white halves (and the red halves) are 
quite uniform in size. The relative size of the two halves throughout 
many experiments has been remarkably uniform; the white half is 
slightly greater in diameter than the red, and about one and one-third 
times greater in volume, with the force of 10,000 « g at 23° C. This I 
will call the standard force, since it has been so widely used. 

Much greater centrifugal forces can be obtained with the air turbine. 


1 The term “ halves ” is used incorrectly but purposely because there is no word 
to express two, and only two, unequal fractions of a whole, constant in size. The 
term “ fragments’ 
number. 


’ 


used by some writers implies variability in size, as well as in 
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The small lucite tubes used measure 1.4 cm. in length and have an inside 
diameter of 0.3 cm. The radius from the center of the rotor to the 
position of the eggs while rotating is 1.2 cm. The highest speed obtain- 
able with the rotor used was 1,500 R.P.S., which gives a centrifugal 
force of about 100,000 * g. Somewhat lower forces are obtained by 
using lower speeds of the air turbine; the lowest speed of the air turbine 
gives a slightly greater force than the highest speed of the electric centri- 
fuge. A very low force can be obtained with a low speed of the electric 
centrifuge. There is then, a range in the centrifugal force available of 
from 4,000  g, just sufficient to break the eggs, to 100,000 X g. 

The relative size of the two half-eggs varies with the centrifugal 
force used to break the egg in two. As mentioned above, with the stand- 
ard force of 10,000 X g, the white half is one and one-third times the 
volume of the red half. With a force of 60,000  g, obtained by a 


TABLE I 
Arbacia punctulata. Size and force 





‘ r47 Diameter (u) ee Volume (u*) re Ratio 
Whole egg 74 212,000 | (approx.) 

Mi Force . . | i 
kaon (XB) Ww R W R W:R 
20 4,000 70 41 |" 180,000 36,000 | 5:1 
4 10,000 62 56 125,000 92,000 | 4:3 
1 60,000 59 59 107,000 107,000 <3 
3/4 80,000 56 62 92,000 125,000 | 3:4 
i:5 


1/2 100,000 41 70 36,000 180,000 | 


medium speed of the air turbine, the two halves are equal in size. With 
a force of 80,000 X g, the size of the two halves is the reverse of that 
obtained with the standard force, the red half being now one and one- 
third times the volume of the white. With the greatest force obtainable, 
100,000  g, the red half is five times the volume of the white. The 
white half is therefore very small and contains only the nucleus, some 
oil and a little of the clear matrix. Correspondingly, with the lowest 
force that will break the egg in two, 4,000 X g, obtained with a low 
speed of the electric centrifuge, the white half is five times the volume 
of the red. The greater the force, the larger the (heavy) red half and 
the smaller the (light) white half. 

The time required to break the eggs apart at the different forces is, 
of course, different; it requires 20 minutes with the lowest force, and 
only one-half a minute with the highest force. In Table I will be found 
the forces used, the sizes of the two halves, their approximate ratio, and 
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the time necessary to break approximately one-half the eggs into the two 
parts at 23° C. With the very high speeds of the air turbine, some in- 
accuracy and variability obtain, owing to the fact that the turbine must 
be speeded up and slowed down somewhat gradually, and the interval 


of full speed is so short (44 min.). 

Together with the difference in size of the two halves with different 
forces, there is also a difference in the degree of stratification of the egg 
just before breaking. With a low force applied for a long period—20 
minutes—the granules are entirely segregated into their respective layers 
according to their density, and well packed. With a somewhat higher 
force, the standard force, where 4-5 minutes are necessary to break the 
eggs apart, the granules are segregated into well-defined layers, but they 
are not so well packed, especially the pigment granules. With the higher 
forces of the air turbine, requiring only 14 to one minute, the egg breaks 
apart before the granules are entirely segregated so that there is no very 
definite stratification. Photographs 1-10 show the whole eggs centri- 
fuged with different forces, just before breaking in two, and the two 
halves into which they break. With the greatest force, the materials are 
so poorly segregated (Photograph 5) that the red half contains some 
of all the materials present in the whole egg except the nucleus. By 
re-centrifuging the red half at the standard force, a new stratification is 
obtained just like that of the whole egg at this force (Photograph 12; 
cf. Photograph 2). A similar red half obtained with the standard force, 
has, when re-centrifuged with this same force, no oil or mitochondrial 
layer, these materials having been completely segregated out into the 
other half in the first centrifuging (Photograph 11). 

It will also be noted that there is less elongation of the egg prior to 
breaking, with the higher forces. 

If centrifuged slowly at first with a low speed of the electric cen- 
trifuge until well stratified, and then transferred to the air turbine and 
PLATE I 
EXPLANATION OF FIGURES 
(Magnification, 275 X) 


PxHotocrapHus 1-5. Stratification of Arbacia eggs at different centrifugal 
forces, just prior to breaking in two. 

PuHotocraPpHus 6-10. The two halves into which the eggs break at different 
forces. 

PuotocrarH 11. A red half obtained with 10,000 X g (Photograph 7) re- 
centrifuged at 10,000 X g. Control to Photograph 12. 

PxHotocraPH 12. A red half obtained with 100,000 X g (Photograph 10) re- 
centrifuged at 10,000 X g. Note re-stratification similar to original egg at this 
force (Photograph 2); nucleus, of course, absent. Mitochondrial layer stained 
with methyl] green. 
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100,000 x g 


PLATE I 
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centrifuged rapidly, the eggs break in just the same way as though they 
were kept at the low speed; that is, the white half is much larger than 
the red. 

As has been noted previously (1936), several irregular batches of 
eggs occur each summer in which the break is quite different from the 
ordinary though the eggs themselves appear no different. In these eggs, 
at the standard force, the white halves are very large, and the red halves 
are very small (Photograph 16). The red halves (D==28.5y; Vol. 

- 12,000 »*) are only about one-seventeenth the volume of the white, 
considerably smaller than those obtained from normal lots with the 
lowest force capable of breaking the egg, and even smaller than the 
pigment quarters obtained by breaking apart the usual red half with the 
standard force (Harvey, 1936, p. 103). These small red halves contain 
little besides the pigment granules which have been determined by E. N. 
Harvey (1932) to form 5.5 per cent of the materials in the egg. With 
a medium speed of the air turbine (60,000 < g) the red halves of the 
irregular batches are much larger, but still smaller than the whites; the 
two halves are of about the same size as those from ordinary batches 
at the standard force (Photograph 17, cf. 13). With the highest speed 
of the air turbine (100,000  g), the two halves are about equal ( Photo- 
graph 18, cf. 14). These irregular batches, then, show the same increase 
in size of the red halves with increase in centrifugal force as the normal 
batches, though starting from a different point. 

It might be of interest to mention that these irregular batches can be 
made to break into the normal sized halves with the standard force, by 
keeping them in hypotonic sea water (80 per cent sea water, 20 per cent 
distilled water) for an hour and then centrifuging them in a sugar-sea 
water solution of the same tonicity. 

The same general relationship between centrifugal force and the size 
of the half-eggs was found previously (1933) for the Naples sea 
urchins, Arbacia pustulosa, Sphaerechinus granularis and Paracentrotus 
lividus, within a much more limited range of forces then available. For 
the egg of Parechinus microtuberculatus (from Naples) and Tripneustes 


PLATE II 


EXPLANATION OF FIGURES 
(Magnification, 125 X ) 


PuotocrapHs 13-15. Normal eggs broken at different forces. Control to 
Photographs 16-18. The slightly larger sphere at the middle right in Photograph 
15 is a whole egg, the others are halves. 

PuorocraPpHs 16-18. Irregular batch broken at same forces as 13-15. 

Note uniformity in size of halves at any one force. There is usually a slight 
irregularity in normal batches at the highest force (Photograph 15). 
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esculenta® (from Bermuda), the reverse relation was found, i.e. the 
greater the force, the larger the light half and the smaller the heavy half. 
In these eggs, the yolk granules are lighter than the matrix and, lie 
under the oil, and the clear layer is formed more centrifugally ; this must 
be the explanation of the apparent inconsistency in the relative size of 
the half-eggs of these two species. Whenever the granules are well 
segregated (low force) so that there is a large clear layer, the sphere 
with this layer is larger. Conversely, when the egg pulls apart before 
complete segregation of granules (high force), the clear layer is small, 
and the sphere containing this layer is smaller.* 

The fact that one can vary at will the relative sizes of the two half- 
eggs and their composition by simply changing the centrifugal force 
gives a new tool for investigating the properties and functions of the 
different constituents of the egg. The principle may well be applied to 
the study of other marine eggs, and to other types of cells. For any 
accurate chemical work on the two half-eggs, the centrifugal force by 
which they are obtained must be given careful consideration. For com- 
plete segregation of materials, a low force should be used for a long 


period, even though one may actually break the egg in two subsequently 


with a high force. 
Development 


The small white fragments obtained with very high forces will de- 
velop when fertilized, if not too small. The smallest to develop were 
32 w in diameter, having a volume of only 7 per cent of the whole egg. 
Some of these formed skeletons though they did not become perfect 
plutei. The early cleavages of the small white fragments are quite 
regular. 

The large red halves obtained with the high centrifugal forces cleave 


2 Data in original notes, 1932 (not published) for Tripneustes esculenta: 
At 3,000 X g for % hr. Light half, D.= 764; Vol. = 230,000 »’ 
Heavy half, D.= 51; Vol.= 69,500 u° 
At 7,000 X g for 4 hr. Light half, D.=79#; Vol. = 258,000 u* 
Heavy half, D. = 434; Vol.= 41,600 »’ 
The whole egg, D. = 834; Vol. = 300,000 »’. 

8 Recent studies at Pacific Grove show that Strongylocentrotus franciscanus 
is stratified like Parechinus and Tripneustes, with the yolk granules in the light 
half; this half increases in size with increased force. In Strongylocentrotus pur- 
puratus, two types of eggs occur, sometimes in the same batch, one type with the 
clear layer in the light half (like Arbacia), and the other type with the clear layer 
in the heavy half (like S. franciscanus). The heavy half becomes larger with in- 
creased force when it is granular, and the light half becomes larger with increased 
force when it is granular. There seems no doubt, therefore, that the distribution 
of the granules determines the size of the halves in relation to the centrifugal 
force; the more granular half becomes larger with a greater force. 
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more regularly and develop very much better, both fertilized and par- 
thenogenetic, than those previously obtained with lower forces. This is 
surprising in a way, because one might suppose that these tremendous 
forces would completely disorganize the cytoplasm. It has, however, 
been found by Beams and King (1936) that Ascaris suum eggs could 
be centrifuged at 400,000  g for an hour in the 2- and 4-cell stage and 
90 per cent of these would still continue to develop when removed ; and 
they would develop also after being centrifuged at 150,000 « g for 4% 
days. They would even cleave while being -centrifuged at 100,000 x g. 
These eggs are, of course, protected from disruption by a very heavy 
shell. The red halves of Arbacia are also apparently not disorganized 
by these high forces, and they are almost as large as the whole egg 
(Photograph 15) and contain some of each kind of material present in 
the whole egg. Only the nucleus, a little of the oil and a little of the 
clear matrix are lacking. This is, then, a nice technique for practically 
separating the nucleus from the rest of the egg. So far, these non- 
nucleate halves, when activated artificially—the parthenogenetic mero- 
gones—have not developed further than the blastula. If such proves 
finally to be the case, we may conclude that eggs can cleave and pass 
through the early stages of development involving cell multiplication, 
without nuclei, but that for the later stages involving differentiation, 
nuclear material is necessary. 


SUMMARY 


1. Arbacia punctulata eggs have been broken into “halves” with 
centrifugal forces ranging from 4,000  g to 100,000 x g, the higher 
forces being obtained with the air turbine. 

2. The relative size of the two halves varies with the centrifugal 
force used ; the higher the force the larger is the (heavy) red half, and 
the smaller the (light) white half. Wiéith low forces, the white half is 
larger than the red; with high forces, the reverse holds. 

3. The degree of stratification of the eggs just prior to breaking also 
varies with the force used. With low forces, applied for a long period 
(20 min.), the eggs are very well stratified. With high forces, the egg 
breaks apart (14-1 min.) before the materials are completely segregated 
into layers. 

4. The red half obtained with the highest force available (100,000 
X g), is only slightly smaller than the whole egg and contains some of 
all the materials in the original egg except the nucleus. It develops 
much better, both fertilized (fertilized merogone) and parthenogenetic 
(parthenogenetic merogone), than the red half obtained with lower 
forces previously used. 
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EFFECTS OF ROENTGEN RADIATION ON THE JELLY OF 
THE ARBACIA EGG*? 


T. C. EVANS, H. W. BEAMS AND MARSHALL E. SMITH 


(From the Departments of Radiology and Zoélogy, State University of Iowa, 
and the Marine Biological Laboratory, Woods Hole) 


Freshly shed Arbacia eggs are enclosed by a layer of transparent 
jelly which can be easily demonstrated by adding a few drops of Janus 
green B (Harvey, 1939) to the water containing the eggs. When the 
Janus green is added, the jelly is first outlined, then is stained com- 
pletely, eventually becomes brittle, and finally separates into long shreds 
which settle to the bottom of the container. The jelly is slowly lost, 
but when the eggs are kept in cool fresh sea water it can still be demon- 
strated after several hours. The jelly affords some mechanical protec- 
tion to the egg, contains sperm agglutinin (Lillie, 1915; Just, 1930; and 
Tyler and Fox, 1939), and probably facilitates the preliminary stages of 
fertilization. Lillie (1915), Woodward (1918) and Tyler and Fox 
(1940) have shown that the agglutinin is non-dialyzable. Glaser (1914) 
and Woodward (1918) applied a number of common protein tests and 
obtained no reaction except that of weak xanthroproteic test. Tyler 
and Fox (1939, 1940) have strong evidence for the protein nature of 
the sperm agglutinin of the sea-urchin Strongylocentrotus purpuratus. 
These investigators also found that the jelly was dissolved by the pro- 
teinase, chymotrypsin. Tyler (1940) concluded that the agglutinin is 
either the jelly itself or a component of it. Although the above evidence 
is indirect as regards the jelly, it appears likely that it is protein in 
nature. The effect of Roentgen radiation on the jelly is so striking 
that we believe it is worthy of note even though little is known of the 
chemical nature of the jelly or of the mechanism involved in this 
phenomenon. We shall describe briefly the experiments from which the 
following results have been obtained. The radiation, under conditions 
described, removed the jelly from the eggs. Heavier dosages produced 
a change in the staining reaction of the Arbacia jelly which had been 
removed from the eggs by mechanical means. 

1 Aided by a grant from the Rockefeller Foundation for Research on Physi- 
ology of the Cell. 

2 We wish to thank Drs. E. B. Harvey, J. H. Bodine, Gordon Marsh and 
Jay A. Smith for suggestions concerning the experiments and the manuscript. 
We also wish to thank Dr. E. P. Little for his kind coéperation in doing the 
irradiations. 
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MATERIALS AND METHODS 


Unless otherwise specified, the eggs employed were those of Arbacia 
punctulata, collected during June and July at Woods Hole. About 0.5 
ml. of eggs in 10 ml. of solution was used for each sample and were 
irradiated in covered dishes made of Turtox plastic. Before and after 
the irradiation the eggs were kept in finger bowls at room temperature. 
For experiments involving jelly alone the eggs were allowed to stand for 
a time in sea water, were then shaken, centrifuged gently, and the super- 
natant fluid (containing the jelly) was poured off. The solution was 
irradiated immediately in the plastic dishes and then poured into Pyrex 
centrifuge tubes. Determinations of pH were done as soon as possible 
after the irradiation and were usually completed within an hour after 
the treatment. The pH measurements were made at room temperature 
(22-27° C.) with a Leeds and Northrup potentiometer-electrometer No. 
7660, equipped with a small modified MacInnes glass electrode (Mac- 
Innes and Belcher, 1933). The electrode was calibrated with “ standard 
acetate ” for which the value pH 4.64 was taken (MacInnes et al, 1938). 

The radiation characteristics were: 192,000 volts; 20 ma.; 6,100 
roentgens per minute; target distance 9.5 cm.; filters consisting of glass 
walls of tubes and 5 mm. of bakelite (equivalent inherent filter equal to 
0.2 mm. copper). Two tubes were used simultaneously. They were 
opposed, parallel and self-rectifying. 

The buffers used were: acetate at pH 4.0, 4.4, 4.9 and 5.3; phosphate 


at pH 5.7 and 6.0; glycylglycine at pH 7.4, 9.0 and 9.4; and piperazine 
at pH 10.2. 


EXPERIMENTAL RESULTS 
Removal of the Jelly from the Eggs by the Radiation 


Relation between Dosage and Loss of Jelly—The first experiments 
served to confirm the results reported in preliminary notes (Evans and 
Beams, 1939; and Evans, 1940). As the dosage of radiation was in- 
creased, the halo of jelly around the egg became progressively thinner 
until it was entirely gone. The relation between the dosage and number 
of eggs completely denuded of jelly is shown in Fig. 1, curve 1. The 
individual eggs varied as to amount of jelly present at the beginning of 
the experiments and this probably explains why some eggs were denuded 
by low dosages whereas others required heavier irradiation. Curve 2 of 
Fig. 1 shows the results of a similar experiment with the eggs of Asterias 
forbesii, and it can be seen that this jelly is more resistant than that of 
the Arbacia egg. The dosages required to remove the jelly from all of 
the Arbacia and Asterias eggs are high enough to produce abnormal de- 
velopment subsequent to fertilization. Roentgen radiation, therefore, 
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is not suggested as a means of removing the jelly from eggs in which 
normal development is desired. 

Is the Jelly Affected Indirectly by the Radiation?—A number of ex- 
periments have been performed in an effort to determine whether the 
effect on the jelly was produced directly by the radiation or indirectly 
through the action on some other substance in the medium. The fol- 
lowing results seem to indicate that the effect was due directly to the 
radiation. (1) There was no apparent latent period. (2) The removal 
action was not prevented by low temperature (0° C.). (3) The jelly 
was removed by the radiation in solutions buffered at pH 7.4, 9.1, and 
9.6. (4) Eggs were placed in heavily irradiated sea water and in water 
from eggs previously irradiated, and in both cases the jelly remained 
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Fic. 1. A graph showing the relation between the dosage of radiation and the 
percentage of eggs devoid of jelly. Curve one is drawn through the values found 
in nine experiments on eggs of Arbacia punctulata. Curve two is drawn through 
the values found in one experiment on eggs of Asterias forbesii. 


intact. (5) In two experiments female Arbacia were irradiated, and it 
was found that the eggs shed later were devoid of jelly. 


Action of the Radiation on the Jelly after its Removal from the Egg 


At the suggestion of Dr. Robert Chambers, we attempted to study 
the effect of the radiation on the jelly after its removal from the egg. 
It was found if the jelly was removed from the eggs, that upon addition 
of a few drops of 2 per cent Janus green the jelly would react vigorously 
with the stain and would accumulate into one large clump at the surface 
of the water. As is shown in Table I, the dosages required to produce 
a negative test are greater than that necessary to remove the jelly from 


the eggs. 
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Effect of pH on the Jelly—Inasmuch as acid sea water has been used 
to remove the jelly from the eggs (Harvey, 1939; Just, 1939; Tyler, 
1940; Tyler and Fox, 1940), it seemed of interest to determine whether 
the radiation might increase the acidity of the egg medium enough to 
account for the removal of the jelly. One of the first steps in this in- 
vestigation was to determine what pH range was effective in removing 
the jelly. It was found that at a pH of 4.9, or below, nearly all of the 
eggs lost their jelly within five minutes. Jelly alone was placed in solu- 
tions buffered at different pH values and it was found that at pH 4.0 
the Janus green test was negative, and at pH 4.9 it was very faint, but 
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Fic. 2. Effects of Roentgen radiation on the pH of certain media. Curve 
one—jelly in medium buffered at pH 7.58. Curve two—jelly in sea water. Curve 
three—jelly in NaCl-KCl mixture. Curve four—eggs alone in the NaCl-KCl 
mixture. Curve five—supernatant fluid from cytolyzed eggs. 





at pH 6.0 to pH 10.2 the test was strongly positive. These results indi- 
cate that a marked change in the properties of the jelly is brought about 
by solutions whose pH values are as low as 4.0. This finding is in 
accord with that of Tyler (1940), who used solutions of pH 3.5 to 
dissolve the jelly. 

Effect of the Radiation on the pH of the Solution—Sea water was 
irradiated and in two experiments where the dosage was 121,000r the 
maximum lowering was only 0.06 of a pH unit. Fresh eggs placed in 
such irradiated water retained the jelly layer intact. 

Irradiation of freshly-shed eggs in sea water apparently produced 


some acidity in the medium. In a representative experiment the pH 
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was changed from 7.9 to 7.3 by an irradiation of 157,500 r. Conditions 
which were found to alter the pH change were: (1) amount of radiation, 
(2) length of time eggs had been in sea water before irradiation, (3) 
length of time eggs had been in sea water after the irradiation and 
before the determination of the pH, (4) mechanical injury to the eggs 
during the preparation of the supernatant fluid for pH determination, 
and (5) original concentration of eggs (and jelly). 

Irradiation of eggs (with jelly) in unbuffered solutions of 19 parts 
0.52 M NaCl to 1 part 0.53 M KCI produced a marked lowering of the 
pH. Ina typical experiment the pH was lowered from 6.6 to 6.2 by an 
irradiation of 122,000 r. 

It appears that irradiation of either eggs or jelly produces some 
acidity. As indicated in curve 3 of Fig. 2, when jelly alone was irradi- 
ated (61,000 r) in the NaCI-KClI mixture the pH was lowered about 0.4 
units. The same dosage on jelly in sea water (curve 2) lowered the pH 
about 0.3 units. When eggs were separated from the jelly and irradi- 
ated in the NaCI-KCI solution (curve 4) again some acidity was pro- 
duced in the supernatant fluid. 

It is interesting to note, in connection with the question of the 
mechanism of the radiation action on the jelly, that a dosage sufficient to 
cause the negative Janus green reaction did not affect the pH of the 
buffered solution (curve 1). This indicates that a pH change is not 
necessary for the radiation action on the jelly. 

Chambers and Pollak (1927), Pandit and Chambers (1932), and 
Krahl and Clowes (1938) agree that injury to the starfish and Arbacia 
egg lowers the pH which is usually changed from about 6.8 to 5.3. The 
present writers cytolyzed eggs by shaking them vigorously in various 
dilutions of sea water with distilled water and the lowest observed pH 
was 5.5. When the initial pH was this low, as shown in curve 5 of 
Fig. 2, the radiation produced no further shift toward the acid side. 

The greatest change in pH produced by irradiation was obtained by 
adding the supernatant fluid from irradiated eggs (with jelly), in the 
NaCl-KCI solution, to a fresh lot of eggs and repeating the radiation 
treatment. In one experiment where the addition of fresh eggs and 
jelly was done twice, the pH was lowered by the radiation (total of 
274,500 r) from 7.9 to 7.2. It is interesting to note here that the lower- 
ing of the pH by the radiation was not enough to remove the jelly from 
freshly-shed eggs. These findings are in agreement with those pub- 
lished in a preliminary report (Smith and Evans, 1940). 

Effect of the Radiation on the Sperm-agglutination Property of the 
Jelly—Richards and Woodward (1915) destroyed the sperm agglutinin 
of Arbacia egg-water by means of Roentgen radiation. We performed 
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some experiments to determine whether the radiation would affect the 
sperm-agglutination property of the jelly in the same manner as the 
destruction of the ability to give the positive Janus green reaction. The 
results are shown in Table I, and it can be seen that the dosages of 
radiation required to destroy these two properties are somewhat similar. 
In a few instances it was possible to obtain a weak agglutination test 
where the Janus green reaction was negative. The response of these 
two properties of the jelly to the radiation are somewhat similar, yet 
their reaction to acidity is quite different. We have observed that an 
acid medium destroys the ability of the jelly to stain with Janus green, 
whereas Tyler (1940) has observed that the acidified egg-water is rich 
in agglutinin titer. 














TABLE I 

Exp. Amt. of 

no. Lot Medium agglutination Jelly 
81 control sea water heavy present 
81 122,000 r ¥s m none none 

84 control yy heavy present 

~ 61,000 r rl gee light absent 

™ 122,000 r _ ° none ? absent 
90 control 50% NaClI-KCl heavy present 
7 30,500 r " heavy some present ? 
rr 61,000 r - _ light absent 

- 91,500 r _ ~ ? absent 

" 122,000 r - - none ? absent 





DISCUSSION 


Proteins in suspension are denatured and coagulated after long expo- 
sures to Roentgen radiation (Clark, 1936). The literature of radiation 
action on agglutinins has been reviewed by Brooks (1936) and he sum- 
marizes the suggested hypotheses as: (1) oxidation following primary 
activation of oxygen, (2) electrical discharge of colloid particles by 
alpha and beta rays, and (3) reduction processes. It is impossible at 
the present to give definite evidence for any mechanism of the action of 
the radiation on the Arbacia jelly, but the following observations may 
be suggestive. (1) The action is rapid. (2) It is not prevented by 
low temperature. (3) The increase in acidity is small. (4) The re- 
moval of the jelly from the egg, the loss of the Janus green reaction in 
solution, and the loss of the agglutination property appear to be three 
stages in the degree of separation of the jelly particles. In view of the 
observations noted above it may be that the radiation action involves a 
change in the charge on the jelly particles causing them to be repelled 
from each other. The action might also be expressed as an increased 
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affinity for water. The mechanism might be the same as the action of 
Roentgen and radium radiation on the jelly of the Nereis egg. Packard 
(1915) irradiated this egg with beta rays of radium and observed an 
increase in the perivitelline space subsequent to fertilization. Redfield 
and Bright (1918, 1919, 1921) and Redfield, Bright, and Wertheimer 
(1924) exposed Nereis eggs to radium and Roentgen radiation and also 
observed an increase in the perivitelline space after fertilization. These 
authors were able to demonstrate a quantitative relationship between the 
radiation and amount of swelling. The intensity of the radiation and 
temperature were also found to be factors. The swelling of the jelly 
was attributed to the absorption of an abnormal amount of water. Cos- 
tello and Young (1939) suggest that the radiation initiates the outflow 
of cortical jelly precursor and alters either the vitelline membrane or 
the jelly in such a way that the passage through the membrane is com- 
pletely or partially prevented. 


SUMMARY AND CONCLUSIONS 


Roentgen radiation (6,100 r) removes the jelly from the Arbacia egg. 
When jelly is mechanically removed from the eggs it may be demon- 
strated in the supernatant fluid by its reaction with Janus green. An ir- 
radiation of 61,000 r will alter the jelly so that the Janus green test be- 
comes negative. The jelly is not affected by solutions previously irradi- 
ated. The radiation produces a slight shift in the pH of unbuffered 
egg-water toward the acid side. The ability of the jelly-water to ag- 
glutinate sperm is greatly decreased by an irradiation of 61,000 r. 
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GONOPODIAL CHARACTERISTICS PRODUCED IN THE 
ANAL FINS OF FEMALES OF GAMBUSIA AFFINIS 
AFFINIS BY TREATMENT WITH ETHINYL 
TESTOSTERONE? 


C. L. TURNER 
(From the Department of Zoélogy, Northwestern University) 


INTRODUCTION 


The gonopodium of the male of poeciliid fishes is a highly modified 
anal fin used in the intromission of sperm. During juvenile stages the 
anal fins of males and of females are practically identical in structure 
but the fins of the two sexes become structurally divergent with the ap- 
proach of maturity. Rays 3, 4 and 5 of the male fin undergo elonga- 
tion and six differentiation areas arise within which characteristic hooks, 
spines, serrae and plates develop. In the female fin there is no marked 
elongation of the 3-4-5 ray complex and the differentiation areas do 
not arise to elaborate the morphological features peculiar to them. 

Regnier (1938) was able to induce the development of some of the 
gonopodial characteristics of the male in the anal fins of the females of 
Xiphophorus helleri and Lebistes reticulatus by intramuscular injections 
of testosterone propionate, thus proving that the genetic factors for a 
gonopodium are borne by the female but that, in the absence of an 
androgenic hormone, they are not expressed. Grobstein (1940) ob- 
tained the same result in Platypoecilus maculatus but was able to demon- 
strate in addition that an anal fin of an adult female produced the fea- 
tures of the male gonopodium more exactly if that portion of the fin 
which gives rise to the male characteristics was cut away and allowed 
to regenerate during the treatment with testosterone propionate. Ever- 
sole (1939) was able to secure the formation of atypical gonopodia in 
females of Lebistes reticulatus at various stages by injecting testo- 
sterone propionate peritoneally and by adding testosterone propionate 
to the ration. The writer is indebted to Eversole for the information 
that pregneninolone (ethinyl testosterone) and other androgenic hor- 
mones will produce a similar effect. 

The writer has studied in detail the normal development of the anal 
fins in males and females of Gambusia affinis affinis (Turner, 1941a) 
with particular attention directed to the origin of the marked differences 

1 This research has been supported by a grant-in-aid from the Graduate School 
of Northwestern University. 
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between the mature fin of the female and the gonopodium of the male. 
[In a second study (Turner, 1941)) fins or parts of fins were excised 
during development and allowed to regenerate. Some conclusions were 
drawn concerning the factors which control the normal development of 
the characteristic structures of the gonopodium. The discovery by 
Regnier, Grohstein and Eversole that the female anal fin could be made 
to develop into an atypical gonopodium has made it seem worth while to 
the writer to carry out similar experiments in Gambusia affinis with the 
objective of comparing in detail the development of the male features in 
the fins of treated females with those developed by males normally and 
under hormone treatment. From the results obtained in these experi- 
ments some conclusions can now be drawn concerning the effects of 
an androgenic hormone upon the development of the various structures 
of the gonopodium in females of Gambusia affinis which apparently pos- 
sess genetic factors for the development of gonopodia but do not develop 
them in the absence of a hormone. 

In the experiments ethinyl testosterone * was added to the water of 
the aquaria in which the fishes were kept in the dosage indicated by 
Eversole (1.25 mg. of the hormone to 2000 cc. of water). All speci- 
mens were maintained at a temperature of 18° to 21° C. during the 
experiments. 


NoRMAL DEVELOPMENT OF FEMALE ANAL FIN AND 
GONOPODIUM OF MALE 


The anal fins of males and females in early juvenile stages are prac- 
tically identical in structure. As the female fin develops, all of the ten 
rays increase in length and segment regularly. A primary bifurcation 
of rays 4 to 9 occurs at the 10 mm. stage, a secondary bifurcation at ap- 
proximately the 22 mm. stage and a tertiary bifurcation in rays 8 and 9 
when a specimen has reached a length of 40 to 45 mm. Growth and 
segmentation of rays are continuous throughout the life of the specimen. 
There is no fusion of the branches of the rays. Some joints between 
the segments are obliterated by anchylosis beginning with a single joint 
in each segment at about the 8 mm. stage. The anchylosis proceeds with 
age until the basal parts of rays and about one-half of the primary 
branches are involved in old specimens 48 mm. in length. Rays 3, 4, 
5 and 6 are longest and rays 5, 6 and 7 contain the largest number of 
segments. 

The anal fin of the male differs from that of the female in late 
juvenile stages in the differential growth of the rays, in bifurcation of rays 

2A supply of the hormone was obtained through the kindness of Dr. Erwin 
Schwenk of the Schering Corporation, Bloomfield, New Jersey. 
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and in the degree of anchylosis of basal joints. Rays 3, 4 and 5 become 
greatly elongated during a period of rapid growth in which the growth 
of the other rays is subordinated. A single bifurcation takes place in 
all rays except 1, 2, 3 and 10 and the anchylosis of basal joints is very 
limited. During the latter part of the period of accelerated growth the 
differentiation areas appear (Fig. 1, 4). Tissue lying along the ventral 





Fic. 1. Arabic numerals indicate fin rays numbered from the ventral side of 
the fin. Roman numerals indicate location of differentiation areas. 

A. Rays 3 to 8 and differentiation areas in the anal fin of a normal mature 
male of Gambusia affinis affinis. The basal portions of the rays are not shown. 

B. Rays 3 to 8 and differentiation areas in the anal fin of a 15 mm. female of 
Gambusia affinis affinis after 30 days of treatment with ethinyl testosterone. 

C. Rays 2 to 5 in the anal fin of a normal 22 mm. female specimen of Gam- 
busia affinis affinis. 


side of ray 3 thickens the ray (Area I). Area VI encompasses part of 
the branched portions of ray 5 and of rays 6, 7 and 8 at the same level. 
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Fusion of the branches and thickening of the segments of rays takes 
place in this area. Areas II, IV and V arise near the end of the dif- 
ferentiation period and Area III arises last. The hooks, spines, plates 
and serrae which have their origin in these areas are indicated in A of 
Fig. 1. Growth of the rays of the gonopod is concluded and terminalized 
when the specialized structures within the differentiation areas have been 
formed. 


GONOPODIA OF TREATED MALES 


Females exposed to treatment with ethinyl testosterone are obviously 
placed in a situation markedly different from that of males which are 
untreated, especially since the dosage of androgenic hormone used is 
much in excess of that necessary to produce the male characters. It is 
better to compare the gonopodia induced in females with those of males 


TABLE I 


Number of segments 


Ray Normal male Treated male at Normal untreated 
specimen in conclusion of male at conclusion 
16-segment gonopodial of gonopodial 

stage development development 
Ray 1 9 12 9 
Ray 2 12 15 14 
Ray 3 15 30 38-43 
Ray 4 21 32 43 
Ray 5 23 31 40 
Ray 6 22 25 25 
Ray 7 19 22 21 
Ray 8 16 18 17 
Ray 9 13 16 13 
Ray 10 8 11 8 


which have been subjected to the same treatment rather than with males 
which have been allowed to develop normally. For a first point of de- 
parture, therefore, a comparison is made between the gonopodia of 
normal untreated males and those of males treated during development. 

Males in the 16-segment stage (16 segments in the undivided third 
ray) will complete their gonopodial development and differentiation 
within a period of 35 to 60 days. The specific morphological features at 
the conclusion of development are shown in Fig. 1, A. Males in the 
same stage of development will complete their development in 30 to 40 
days when treated with ethinyl testosterone. 

Table I shows the segment number in each ray of the anal fin of 
normal specimens at the beginning of the experiment, of the treated 
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specimens at the conclusion of the experiment and of fully mature un- 
treated males. The outstanding difference between the fully developed 
gonopodia of normal and of treated males, as far as segment number is 
concerned, is in the 3-4-5 ray complex. The explanation of the dif- 
ference lies in the relation of growth and segmentation in these rays to 
the formation of the differentiation areas. In normal gonopodia de- 
velopment of a low concentration of androgenic hormone from the testis 
induces accelerated growth and segmentation in the 3-4-5 ray complex. 
As the testis develops further and more hormone is liberated from the 
testis the developing fin responds by giving rise to differentiation areas 
and with the development of these, growth is terminalized. In the treated 
specimens the concentration of the hormone is so high that the develop- 
ment of the differentiation areas is quickly evoked and, although growth 
in the 3-4-5 ray complex is stimulated, it is soon curtailed. Rays 1 and 
2 on the ventral side of the fin and rays 9 and 10 on the dorsal side are 
not involved in terminalizing differentiation areas and the growth- 
stimulating effect of the hormone becomes evident in slight increases in 
length and segment number in these rays as compared to the same rays in 
the normal gonopodium. 

Some of the differentiation areas develop normally in the treated males 
while others do not. Area I in untreated males lies along the ventral 
side of ray 3 and adds new tissue to the segments as they are formed 
with the result that the rays are thickened. When Area II appears the 
effect upon ray 3 is to add a series of about eighteen new segments 
within 25 days. The new segments become progressively shorter and 
thinner and on the ventral side develop characteristic spines and plates. 
The transition in the character and size of segments from Area I to 
Area IT is gradual. In the treated males there is an abrupt change in 
the length of segments in ray 3 between Area I and Area II. There 
is an indication that Area II has an immediate terminalizing effect upon 
further growth and regular segmentation of the ray, so that there are 
fewer segments in the ray when terminalized and there is no gradual 
transition in length of segments where Areas I and II overlap. The 
spines and plates which are developed on the ventral sides of the seg- 
ments in Area II are fairly normal. Area VI in the treated male is 
almost identical with that of a normal untreated male. The appearance 
of Areas IV and V on rays 4 and 5 have the same effect of terminalizing 
growth and segmentation. From nine to eleven fewer segments are 
formed in rays 4 and 5 than in a normal gonopodium. Area IV, within 
which in the normal gonopodium a terminal hook develops on the dorsal 
branch of ray 4 and a second smaller, closely associated terminal hook 
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on the ventral branch of ray 5, arises in the treated specimen in the usual 
position with reference to the ends of rays 4 and 5. However, the 
relative lengths of rays 4 and 5 are not quite normal, ray 5 being shorter. 
When the terminal hooks form on the two rays they are well separated 
in the treated specimen. Area V in normal untreated specimens is at 
first a condensed mass of tissue on the dorsal branch of ray 4 beginning 
about six segments from the end and extending basally for approxi- 
mately eight segments. Within it arise vertical curved serrae which are 
laterally paired and placed one to each segment. Occasionally in the 
anterior segments of the series two low elevations may arise instead of 
one. In the treated specimen the development and final appearance of 
the structures of the area are normal except for a tendency to include a 
few additional segments at the anterior end. The relation of Area V 
to Area IV is constant with four segments intervening. Area III is 
the last to appear in both normal and treated specimens. It is likely to 
be lacking altogether in treated specimens or to be poorly developed. 

When ethinyl testosterone is administered to males in juvenile stages 
before the 3-4-5 ray complex has begun to predominate in growth, the 
same result is obtained in the early evoking of the differentiation areas. 
However, growth in the 3-4-5 ray complex is stimulated by the same 
hormone and the earlier the stage treated, the greater the degree of 
growth and segmentation of the rays before terminalization. There 
will actually be a smaller number of segments in the 3-4-5 ray complex 
in a completely differentiated gonopod of a younger treated specimen, 
but the relative number of segments added to the rays after the be- 
ginning of the treatment will be greater. For example, a young normal 
male in the 8-segment stage will have 8 segments in ray 3, 11 segments 
in ray 4 and 12 segments in ray 5. Treatment with ethinyl testosterone 
induces the early formation of a gonopodium which will have, when 
complete, 25 segments in ray 3, 25 segments in ray 4 and 26 segments 
in ray 5. Ray 3 will have added 17 segments and rays 4 and 5 will 
have added 14 segments each. The treated specimen already described 
(at the 16-segment stage) will have added only 15 segments to ray 3, 
11 segments to ray 4 and 8 segments to ray 5. 

The effect of treating males during the development of the gono- 
podium with large dosages of ethinyl testosterone are: (1) to evoke pre- 
maturely the formation of the differentiation areas. (2) To terminalize 
prematurely growth in the 3-4-5 ray complex. Growth in these rays is 
normally terminalized when differentiation areas appear but the early in- 
duction of the differentiation prematurely terminalizes growth and differ- 
entiation. (3) To produce secondarily some abnormal conditions in the 
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differentiation areas themselves. The normal formation of an area which 
involves parts of two rays (Area IV) depends upon the attainment of 
a specific growth stage in each ray by the time differentiation occurs. If 
treatment with hormone is started at a stage before one of the rays has 
attained the usual growth stage the differentiated structure may be ab- 
normal. (4) To stimulate growth and segmentation in the 3-4-5 ray 
complex if the hormone is administered before these rays have entered 
their accelerated growth period. 


GONOPODIAL STRUCTURES INDUCED IN THE ANAL FINS OF FEMALES 


The extent to which an anal fin of a female can be modified during 
its development depends upon the extent to which the fin has become 
structurally fixed in the female pattern. Modification by treatment with 
ethinyl testosterone does not produce a regression of any structure al- 
ready formed. Addition of new tissue to old structures or renewed 
or accelerated growth of structures already present are the mechanisms 
of modification. A closer approximation to the pattern of the mature 
gonopodium of the male may be induced more readily in a young female 
specimen, where a mature pattern of neither male nor female has been 
laid down, than in an old female where growth, segmentation, additional 
bifurcation and anchylosis of basal joints of rays have fixed the struc- 
ture of the fin in the adult female pattern. 


Female Fifteen mm. in Length 


In the anal fin of a normal female at this stage rays 4 and 5 have 
bifurcated once and there is some anchylosis of the basal segments of the 
rays. Rays 5 and 6 are the longest and have the largest number of 
segments. 

After 23 days of treatment with ethinyl testosterone rays 3, 4 and 5 
have elongated and segmented so as to form a definite lobe and all the 
differentiation areas except Area III have made their appearance. At 
the end of 31 days differentiation is complete. An untreated male of this 
size and stage of development would have required about 45 days for 
the complete development of a gonopodium. At 23 days ray 3 added 
11 segments, ray 4 added 13 segments and ray 5 added 6 segments. 
Differentiation of areas occurred prematurely and the growth of the 
3-4-5 ray complex was terminalized sooner than would have been the 
case in a normal untreated male. In the complete gonopod of the treated 
female rays 3, 4 and 5 had 24, 29 and 24 segments respectively while 
an untreated male would have had 41, 43 and 42 segments in rays 3, 4 
and 5 respectively. 
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All differentiation areas develop in normal positions with respect to 
the ends of rays 3 to8 (Fig. 1,8). Asa result of the early development 
of the fin in a female animal and the development of the terminal phases 
under the influence of the androgenic hormone, the base, which is un- 
changed, is that of a typical female while the terminal portion is, with 
some modifications, that of a male. At this stage there is little difference 
between the anal fins of males and females both of which have been 
treated with the hormone. In the female specimen the elbow of the ven- 
tral branch of ray 4 (Area III) is not so well developed and in Area V 
the vertical serrae are lower and the anterior segments of the gonopodium 
are inclined to have two pairs of serrae instead of the one occurring in 
males. An interesting variation of Area IV suggests that the synchroni- 
zation of the end of the growth period with the onset of the differentiation 
areas which operates smoothly in the normal specimen is poorly inte- 
grated here. Some days in advance of the final stage of differentiation 
there appeared in the ventral branch of ray 5 what seemed to be the 
terminal hook. However, after the hook was formed the ray continued 
to grow and to segment (Fig. 1, B) until the terminal segment came into 
contact with the recurved terminal hook at the end of the dorsal branch of 
ray 4. In this position it formed a second smaller hook. Both branches 
of ray 4 also continued to grow a little beyond the position of the usual 
terminal hook and, after adding a long segment, formed small but definite 
second terminal hooks. Apparently, here the axial growth of the rays, 
which is terminalized in normal gonopodial development with the dif- 
ferentiation of the terminal hooks, was not terminalized completely and 
continued on so as to add new segments beyond the differentiated areas. 


Females Twenty to Twenty-eight mm. in Length 


Anal fins of females at this stage of development are rounded in 
outline with the central rays the longest. The unbifurcated bases of 
rays 4 to 9 are partially or wholly solidified by the anchylosis of the joints. 
Secondary bifurcations may occur in rays 7 and 8. 

In specimens treated with ethinyl testosterone at this stage the 3-4-5 
ray complex is visibly elongated within 18 days and within 31 days 
differentiation of the fin is complete. Ray 3 adds 13 short segments 
during this time and rays 4 and 5 add 7 and 8 segments respectively to 
the ends of the branches. 

Figure 1, C represents the terminal parts of rays 2, 3, 4 and 5 of 
a normal female fin at this stage prior to treatment. Figure 2, D 
indicates the changes that take place within 28 days and Fig. 2, E is an 
enlarged camera drawing of the terminal parts of rays 3, 4 and 5 of 
another specimen in the same stage of development. Area II con- 
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tains a smaller number of segments than in the normal male but the 
ventral spines, while atypical, are clearly like those in Area II in normal 
gonopodia. The elbow of Area III is hardly developed. Area IV, 
containing the terminal hooks of rays 4 and 5, is well represented but 
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:" Fic. 2. D. Rays 3 to 5 and the differentiation areas in the anal fin of a 20 
mm. female of Gambusia affinis affinis after 28 days of treatment with ethinyl 


testosterone. 

E. Enlarged drawing of terminal parts of rays 3 to 5 of the anal fin of a 22 
mm. female of Gambusia affinis affinis after 28 days of treatment with ethinyl tes- 
tosterone. Differentiation of the fin is not quite complete. 

F, Rays 3 to 5 and differentiation areas in the anal fin of a 38 mm. female of 
Gambusia affinis affinis after treatment with ethinyl testosterone for 36 days. 


the terminal hook of ray 5 is poorly formed and is well separated from 
that on ray 4. Area V with its vertical serrae is developed in the same 
position with reference to the end of ray 4 and to about the same extent 
as in a treated 15 mm. female. Area VI is not as well developed as in 
the 15 mm. specimen. The basal portions of the rays with their 
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anchylosis were laid down while the specimen was developing as a normal 
female and no change in this portion of the fin is produced by the 
introduction of the hormone. 

In general, the transformation of the fin at this stage is specifically 
male-like in the elongation of rays and the addition of segments to the 
3-4-5 ray complex and in the development of specific differentiation 
areas characteristic of the male fin. In none of the differentiation areas 
at this stage is the transformation as completely male-like as in the 
specimen treated with ethinyl testosterone at an earlier stage. 


Females Thirty-five to Thirty-nine mm. in Length 


At this stage the anal fin of the female is rather definitely fixed in 
its structural pattern. It is still growing slowly and is adding new 
segments to the rays. The anchylosis of segments has proceeded apically 
from the base of each ray so that the unbifurcated basal portion and a 
considerable part of the secondary rami of the divided rays are solidified. 
Secondary bifurcation has.taken place in the dorsal branch of ray 4 
and in both branches of ray 5 with the result that there are now three 
termini in ray 4 and four in ray 5. 

Treatment of specimens with ethinyl testosterone results in a spe- 
cific but incomplete development of the differentiation areas of the gono- 
pod but the addition of new segments is extremely limited. From one 
to four new terminal segments may be added to ray 3, a very small 
number as compared to the number that is added to ray 3 in the younger 
stage, but it is important that the specific response occurs even slightly. 
The terminal branches of rays 4 and 5 may add one or two short seg- 
ments. It would appear that the capacity to respond to hormone stimu- 
lation by growth had nearly reached its limit at this stage. 

The formation of the differentiation areas is also specific as in the 
anal fins of the treated females at younger stages but the development of 
the areas is less complete. Fig. 2, F represents the terminal parts of 
rays 3, 4 and 5 in the anal fin of a 38 mm. female which has been treated 
for 36 days. Area II is represented by a slight roughening on the 
ventral side of the last seven segments of ray 3. Area III in this 
specimen does not appear but in some specimens there is a slight thicken- 
ing of two or three segments in the correct position on the ventral 
member of the dorsal branch of ray 4. Area IV is represented by a 
strong terminal hook on the dorsal member of the dorsal branch of 
ray 4. The terminal hook on the branch of ray 5 nearest to ray 4 is 
sometimes present but is always well separated from that of ray 4. 
The vertical serrae which form Area V are present in some specimens 
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but are usually low. They are developed upon the usual number of 
segments (5 to 7) and the area is in the usual position beginning about 
four segments from the end. Area VI is poorly represented. In some 
instances there is a slight thickening of the dorsal members of ray 5 or 
there may be some fusion of the terminal branches but the modification 
does not extend to rays 6, 7 and 8. 

Modification of the anal fin in females at this stage is much more 
limited than in younger specimens and consists of the addition of a few 
segments to rays 3, 4 and 5 and of a specific but incomplete development 
of the differentiation areas. 


DISCUSSION AND SUMMARY 


The structural modification of the anal fin in a female treated with 
ethinyl testosterone follows the same course of development as that 
of the development of the normal gonopodium of the male, as far as 
possible, considering that the anal fin is already fixed to some extent 
in the female pattern and that the ethinyl testosterone is administered in 
a high dosage. In the development of the normal gonopodium a small 
amount of androgenic hormone, released from the testis, produces the 
initial effect of accelerated growth in the 3-4-5 ray complex. At the 
same time two of the six differentiation areas are induced to arise. 
Later, a larger amount of hormone is released from the testis and four 
other differentiation areas make their appearance. With the origin of 
these four differentiation areas growth and segmentation in the 3-4—5 
ray complex is terminalized. When ethinyl testosterone in the dosage 
used here is introduced, the period of accelerated growth is induced, but 
before the 3-4-5 ray complex has become elongated to the normal ex- 
tent, the second phase of development, terminalizing differentiation, is 
induced and growth is curtailed. 

A specific pattern in the normal gonopodium is dependent upon a 
normal growth in the various rays at the time differentiation occurs. In 
the treated specimens, lacking the full extent of growth in each of the 
rays concerned, there are likely to be abnormalities in the differentiation 
areas themselves, particularly in Area IV where the two terminal hooks 
found in the area become spatially separated. 

If the hormone is administered to a juvenile female the amount of 
growth in the 3-4-5 ray complex is greater and the resemblance of the 
fin in general and detail is nearer to that of the normal mature male 
than is the case if the hormone is administered to a specimen in which 
the fin is in a later stage of development. In old females there is prac- 
tically no growth and the extent to which differentiation areas are formed 
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is extremely limited. The differences in transformation at the different 
stages are due to two conditions: (1) The rate of growth of the fin be- 
comes diminished in older specimens, presumably because of the onset 
of a slower metabolic rate in the tissue. It has been shown by the writer 
in regeneration experiments (Turner, 1941) that capacity to regenerate 
diminishes in old specimens and that after the formation of the dif- 
ferentiation areas this capacity is lost entirely in those rays which are 
involved in the differentiation areas. In the same study it is shown that 
capacity to form new differentiation areas after they have been excised 
diminishes and disappears entirely once the areas have developed fully. 
Grobstein’s experiments, in which it is demonstrated that, in older 
females, the formation of the differentiation pattern is more complete in 
regenerated than in normal senescent tissue of the anal fins of older 
females, indicate that tissue with a higher metabolic rate is more sus- 
ceptible to transformation. (2) Since there is no dedifferentiation nor 
any absorption of tissue already formed in the transformation of the 
female fin, the development of the normal anal fin in the direction of the 
female pattern becomes a definite deterrant to transformation. Changes 
occur only by growth and segmentation of rays already formed and by 
the addition of new structures within the differentiation areas to the old 
or new segments. In old specimens, since there is little capacity to 
respond to hormone stimulation by growth, the modification of the fin 
is limited to such changes as can be accomplished by the addition of new 
structures to the framework of segments already elaborated. Further- 
more, the reduced capacity in old specimens of the differentiation areas 
themselves to form the characteristic structures reduces the degree of 
change. 

In general, it may be stated that the capacity for a female anal fin 
to become modified in the direction of the typical gonopod of a male is 
high in juvenile specimens, less in specimens somewhat older, and very 
limited in older specimens because of a fixation of the fin in a female 
pattern and because of a diminished capacity for growth and differen- 
tiation in older specimens. In older specimens the fin will be female 
in pattern but there will be additional structures formed within the six 
differentiation areas to the extent to which it is possible in a fin already 
fixed in the female pattern. 
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MATING TYPES IN DIVERSE RACES OF 
PARAMECIUM CAUDATUM 


LAUREN C. GILMAN 


(From the Zodlogical Laboratory, Johns Hopkins University) 


INTRODUCTION 


Investigations on Paramecium aurelia (Sonneborn, 1937, 1938 a 
and b), and on P. bursaria (Jennings, 1938 a and b, 1939 a and b) have 
recently shown that these species consist of a number of mating types. 
As a rule, and possibly always, individuals of the same mating type will 
not conjugate with each other; but when cultures of certain diverse mat- 
ing types are mixed together there follows under appropriate conditions 
an immediate agglutinative reaction leading to conjugation between ani- 
mals of diverse types. These phenomena are of interest in themselves, 
and in relation to sexuality and self-sterility ; and they provide a means 
by which the genetics of these organisms may be rapidly developed. It 
therefore appears desirable to investigate from this point of view a large 
number of diverse species so that there may be available a broad com- 
parative body of knowledge of these phenomena. 

For this purpose, Paramecium caudatum, a species not hitherto 
studied from this point of view, was selected for intensive investigation. 
This species was chosen because it is one of the commonest and most 
intensively investigated species of Paramecium and because its nucleus 
and chromosomes are moderately favorable for the cytological work that 
must eventually become correlated with the genetic analysis. 

Four major problems have been attacked experimentally. The first 
and basic problem is the occurrence, interrelation and geographical dis- 
tribution of the mating types. The second problem, for which no final 
answer is available, is the inheritance of mating type during vegetative 
reproduction. The third is the influence of various environmental fac- 
tors (nutrition, time of day, and temperature) on conjugation following 
mixture of different mating types. The final problem was to discover, 
if possible, morphological or physiological differences between the diverse 
groups that could be distinguished by their breeding behavior. 


MATERIALS 


The material used in the present work was derived from collections 
of Paramecium caudatum obtained from twenty-six natural sources in 
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Canada and in the states of California, Connecticut, Georgia, Kansas, 
Maryland, Massachusetts, and Pennsylvania. Soon after each collec- 
tion reached the laboratory, one or more individuals were isolated and 
from each individual a large stock culture was developed. These ninety- 
three stock cultures were the ones employed in all the following experi- 
mental work. All the clones used were identified as P. caudatum by 
examination of temporary aceto-carmine preparations or, in a few cases, 
of permanent Feulgen preparations to determine the number and type 
of micronuclei. 

I am indebted to the following people for supplying me with collections 
of Paramecium caudatum: Dr. T. T. Chen, Dr. Harold Finley, Father 
J. A. Frisch, S. J., Dr. A. C. Giese, Mrs. R. W. Gilman, Mr. C. B. Metz, 
Dr. T. M. Sonneborn, Mr. Samuel Steinberg, Dr. Vance Tartar, and 
Prof. D. H. Wenrich. 


METHODS 


The basic culture fluid, a lettuce infusion medium, was prepared as 
described by Sonneborn (1936), save that .75 grams of dried lettuce per 
liter was used instead of 1.5 grams. This fluid was lightly inoculated 
before use with a single unidentified species of bacteria grown on agar 
slants. This bacterium was isolated in the early stages of the work from 
a thriving culture of the paramecia. 

The paramecia were cultured either as isolation lines on depression 
slides with daily transfer of single animals or as mass cultures in glass 
caster dishes with periodical transfer of a number of the animals to a 
fresh dish. In some cases, the mass cultures were fed by adding a grain 
of pearl barley, or a small piece of coagulated egg yolk to induce bac- 
terial growth. 

No effort was made to maintain absolutely sterile conditions but pre- 
cautions were taken to insure the predominance of the desired bacterium 
in the culture. The glassware was sterilized by boiling or autoclaving, 
and the cultures were exposed to the air only long enough to allow the 
removal of animals for transfer or for experimental purposes. 

At times, heavy bacterial growths (presumably of a contaminating 
bacterium) caused the appearance of heavy clouds of bacteria in the bot- 
tom of the slides or caster dishes. At other times, some of the cultures 
became contaminated by a small flagellate. The cultures were effectively 
purified of the contaminating organisms by running single animals in 
isolation lines for four days in succession. In making the transfers, the 
mirror of the microscope was tilted so that no light fell on the objec- 
tives and the contaminating organisms appeared as luminous dots. In 
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this way it was possible to draw back up into the pipette most of the con- 
taminating organisms transferred with the paramecium. This method 
reduces considerably the risk of injury to the animals which the repeated 
transfers used in washing by the method of Parpart (1928) involve. 
Although the method described merely insures a predominance of the 
desired bacterium, it was found to be entirely satisfactory. 

TESTING CULTURES FOR MATING TYPES 

The fundamental observation on which the concept of mating types 
is based is simply this: certain cultures in which conjugation does not 
occur when separate, conjugate when mixed together. Two such cul- 
tures that do not conjugate alone but do conjugate when mixed are said 
to be of different mating types. In order to ascertain whether there 
occur in P. caudatum mating types such as those found in P. awurelia, 
P. bursaria and other species of Paramecium, it was necessary to obtain 
cultures within which conjugation did not occur, to mix representatives 
of these in all possible combinations of two, and to observe whether 
conjugation occurred in the mixtures or not. 

The cultures to be tested for mating types were the 93 from the 
various collections mentioned in the section “ Materials.” Previous 
work by Sonneborn (1938a) and Jennings (1938a@) on other species of 
-aramecium has shown that it is unnecessary to make all possible com- 
binations of two among the cultures examined, for they found that all 
cultures of the same mating type behave alike when mixed with any 
other culture. Therefore, in the present work, after mating types had 
been discovered, only one representative culture of each mating type was 
used for mixture with new cultures of unknown mating type. The rule, 
therefore, was to mix every unknown culture with every other unknown 
culture and with representative cultures of each known mating type. 


OccURRENCE, NUMBER, AND INTERACTION OF THE MATING TYPES 


As a result of mixing the various clones it was found that certain 
mixtures regularly gave conjugation while others regularly gave no con- 
jugation. It was concluded, therefore, that mating types were present 
in P. caudatum. This agrees with the findings of Giese and Arkoosh 
(1939) who reported the presence of two mating types in P. caudatum. 
When the results were collected, it was found that the clones studied 
could be divided into at least four and probably five groups of two 
mating types each. The groups were numbered one to five in order of 
their discovery. The mating types of Group 1 were designated I and 
II, those of Group 2, III and IV, those of Group 3, V and VI, those of 
Group 4, VII and VIII, and those of Group 5, IX and X. Although 
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this is the same nomenclature used by Sonneborn for P. aurelia, it im- 
plies no connection between the corresponding groups and types in the 
two species. 

The interaction of groups and types in P. caudatum is shown in 
Table I. Each mating type in a group conjugates only with the other 
mating type in the group. Thus type I conjugates only with type II and 
not with other clones of type I or with clones of types III, IV, V, and 
VI, and so on for the other groups. 


TABLE I 
The relations among types and groups in P. caudatum. Conjugation is repre- 
sented by a plus, absence of conjugation by a minus. A blank indicates that no 
mixture was made when both of the groups involved were known to be in reactive 
condition. 


Group 1 2 3 4 5 








Type I II IIl IV V VI VIL VIII IX x 
1 I - + - - - - 
II + - - - - - 
2 im - - - + - - - - - - 
Vv - = + = - - - - - - 
3 V - - - - - + - - - - 
Vi - - - < + — - - - - 
4 VII - - - - - + - - 
VIII - - - - + = - - 
5 IX - - oe - - - + 
Xx - - - - - - + - 


It is not certain as yet that Group 1 is separate from both Group 4 
and Group 5, since so far Group 1 has not been in condition to con- 
jugate at the same time as Groups 4 and 5. However, from other con- 
siderations, it appears highly probable that there really are five groups 
of mating types. There remain, however, two collections from which 
no clones have so far conjugated when mixed with each other or with 
any of the groups of mating types. It is possible that these two collec- 
tions may represent one mating type of a sixth group. 

If samples of the two mating types in a group are mixed when in 
the proper physiological condition, there follows immediately the pro- 
nounced agglutinative mating reaction described by Sonneborn (1937) 
for P. aurelia and by Jennings (1939a) for P. bursaria. When the 
animals are put together they stick to those of the opposite mating type 
with which they chance to come in contact and form clumps which later 
break down into pairs which complete conjugation. 

In regard to the geographical distribution of the various groups, it 
is to be noticed that Group 1 was found in two collections from Balti- 
more, Maryland, but not in collections from other localities. Group 2 
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was found in six collections from Baltimore ; one collection from Wood- 
stock, Md.; one collection from New Haven, Conn.; one collection from 
Stanford, California ; and two collections from Falmouth, Mass. Group 
3 was found in three collections from Baltimore, three from Baldwin 
City, Kansas, one collection from Atlanta, Georgia, and one collection 
from an unknown locality in Connecticut. Group 4 was found in one 
collection from Baltimore, one collection from Waterville, Conn., and 
one collection from New Haven, Conn. Group 5 was found in a col- 
lection from Hamden, Conn. The two collections whose group is still 
undetermined were from Philadelphia, Pa. and Canada near Buffalo, 
N. Y. 

In general, it can be said that there is no definite evidence of geo- 
graphically isolated non-interconjugating groups of mating types. It is 
true that Groups 1 and 5 have been found in only one general locality, 
but since there is little material available for these groups this cannot be 
considered significant. Animals of the other groups have been found in 
widely separate localities. 


CONJUGATION WITHIN A CLONE 


There are some apparent exceptions to the rule that any clone in a 
group conjugates with only one of the two mating types in the group. 
However, in all these apparent exceptions, conjugation has also occurred 
in one of the control cultures, so that it is not a question of a clone 
conjugating with clones of the two mating types of a group but rather 
a question of conjugation between members of the same clone. As an 
example, some results of mixtures of five clones of type IV (A2 to A6) 
with a type III clone (S1) and a type IV clone (Al) will be given. 
In the mixtures with the type III clone, from 61 to 72 pairs were formed 
with from 7 to 11 pairs of conjugants in the mixtures with the type IV 
clone. However, no conjugants were found in the type III (S1) con- 
trol, while ten pairs were present in the type IV (Al) control. Some 
conjugants were found in the A2 to A6 controls, ranging from none in 
A6 to eleven in A4. Thus it is seen that the conjugation in the mixtures 
with Al was the result of conjugation within the various clones and not 
the result of mixture. 

In the clones in which conjugation has been observed to occur in the 
controls set up when making mixtures, conjugation has also been ob- 
served in the source cultures. Many of the cultures have conjugated at 
times without mixture. There is a great deal of variation with respect 
to this phenomenon among different clones. In some clones there have 
been large percentages of conjugants at intervals of two weeks to a 
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month. Each time the conjugation occurred in a culture which had 
been started from a single non-conjugant animal at the time of the 
previous occurrence of conjugation. The proportion of animals con- 
jugating varied in these cultures from about 20 per cent to nearly 100 
per cent. Other clones have conjugated at only one time during a period 
of nine to twelve months, and in these the proportion of animals con- 
jugating varied from 5 per cent to 10 per cent. In still other clones, no 
conjugation has ever been observed except upon mixture with another 
clone of the proper mating type. Examples of the kind of clone in 
which large numbers of conjugants occur at short intervals have been 
found in both Groups 1 and 2. In Group 1, all three of the type II 
clones so far discovered are of this kind while in Group 2 two of the 7 
type III clones and five of the 12 type IV clones are of this kind. 
Clones of the second kind in which small proportions of conjugants occur 
at long intervals have been found in two groups. In Group 1, there 
are four examples all belonging to type I, while in Group 3, two type V 
clones and two type VI cones are of this kind. In each of these, only 
a small proportion of the animals in one culture have conjugated at one 
time during the entire period of eight months to a year and a half that 
they have been under observation. Examples of clones which have never, 
while under observation, conjugated without mixture are found in all 
three groups: in Group 1, one type I clone; in Group 2, two type IV 
clones and one type III clone; and in Group 3, one type V and one type 
VI clone. The length of time that this condition has held true differs 
with different clones since some have been kept in the laboratory for 
longer periods than others. Four of the clones have been under ob- 
servation for a year to a year and a half, and two for eight months. 

Since conjugation does occur in this manner within a clone, the prob- 
lem presents itself of whether or not two mating types have been pro- 
duced within the clones as Sonneborn (1937) found in P. aurelia at 
autogamy. In order to test this matter, it was necessary to do two 
things: first to see if any autogamy or endomixis occurred (endomixis 
in P. caudatum has been reported by Erdmann and Woodruff, 1916, and 
by Chejfec, 1930), and if so, to see if conjugation in a culture without 
mixture depended upon its prior occurrence in the culture; second, to 
find out whether or not both of the mating types in a group were pro- 
duced in a culture originally of one mating type and whether or not the 
differentiation into two types occurred at autogamy or endomixis. 

In order to test the possibilities just mentioned, it was necessary to 
attack the problem in two ways. In the first place, to find if autogamy 
or endomixis were occurring, it was necessary to stain cultures daily 
with aceto-carmine. In pursuance of this plan, twenty-four clones were 
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run in daily isolation lines with daily staining for a period of thirty days. 
During this time one-fourth to one-half of the animals in each of the 
depressions were removed each day, stained with aceto-carmine and ex- 
amined with the compound microscope for nuclear changes indicative of 
autogamy. Although examples of clones which had, in caster cultures, 
been producing conjugants at intervals of from ten days to two weeks 
were included, no evidence of any nuclear changes was observed during 
the month the cultures were under observation. 

Although the results indicated that conjugation was occurring in 
these cultures without previous autogamy, it was felt, since the tests for 
autogamy were made under isolation line conditions in depression slides 
and the conjugation which had occurred had been under mass culture 
conditions, that the environmental conditions in the two situations were 
sufficiently different so that autogamy might have occurred in the parent 
caster dish cultures even though none occurred in the isolation lines de- 
rived from them. It was therefore decided to stain representative 
samples from a caster dish culture that was originally derived from one 
animal of clone D4, a clone in which conjugation occurred frequently. 
This animal was allowed to multiply in a depression slide. As soon as 
a sufficient number of animals was present, they were transferred to a 
caster dish and sixty drops of culture fluid added. As soon as several 
hundred animals were present in the dish, a grain of pearl barley was 
added to give a constant supply of food, since it was under these condi- 
tions that conjugation was previously observed to occur when the para- 
mecia in the isolation lines showed no indication of autogamy. 

The procedure used in testing for autogamy was to stain a sample 
from the culture every day and examine for nuclear changes. When 
only a relatively small number of individuals was present in the culture 
one-fourth were stained with aceto-carmine for the daily examination 
until at least ten were being stained. From that time onward from ten 
to one hundred animals were examined daily. No evidence of nuclear 
reorganization was ever observed in this culture but practically 100 per 
cent of the animals were conjugating twelve days after the start of the 
experiment. 

These results indicate (for clone D4 at any rate) that the conjugation 
observed is not the result of a previously occurring autogamy. There re- 
mained to be answered, however, the question of whether or not both mat- 
ing types were present in a clone when conjugation occurred. In order 
to answer this question, pairs of conjugants which were not yet firmly 
united were separated by squirting them violently from a small bore 
pipette. The cultures derived from the animals separated in this way 
are known as split-pair cultures. Because of the difficulty of finding 














































— 


+ pater tn 


SODA Rak deter a 


SND Tel Ta dt sa ss Ae 








MATING TYPES IN PARAMECIUM CAUDATUM 391 


pairs which are not yet firmly united in cultures in which only a small 
proportion of the animals conjugated at one time during the course of 
the experiment, all the work with split pairs was carried on with those 
cultures in which large proportions of the animals conjugated at rela- 
tively short intervals. In Group 1, type II, clones D4 and C2 were used 
mainly with some additional work on clone D2. In clones D4 and C2, 
a number of pairs (17 in D4 and 18 in C2) were split and cultures 
grown from each member of the pair. Besides the split-pair cultures, a 
number of cultures were started from single non-conjugant animals from 
cultures in which conjugation was occurring. In Group 2, clone P (type 
IIl), twelve pairs of conjugants were split and cultures were grown 
from them. The clones were tested for mating type as soon as the popu- 
lation in the cultures had reached a sufficient density to make tests for 
type possible. However, conjugation again occurred in many of the 
cultures before it was possible to make the tests. The cultures which 
were tested were always of the same type as the parent culture. Among 
the split pairs from type II cultures, cultures from both members were 
tested and reacted in the case of two split pairs from D4 and one split 
pair from C2. Both members of each pair were type II, the same as 
the original culture. In the split-pair cultures from clone P both mem- 
bers of four pairs reacted as type III the same as the original culture. 
In addition, those split pairs in which only one of the resulting cultures 
gave a reaction and those cultures derived from isolated non-conjugating 
animals behaved as the same type as the parent cultures when tested 
for mating type. 

In summary, it can be said that the results of the work on two clones 
in Group 1 (C2 and D4, type II) and one clone in Group 2 (P, type IIT) 
indicate that there is no permanent change of type when conjugation 
occurs within a culture since, whenever cultures from both members of 
a pair have given a test for mating type, both have been of the same type 
as the parent culture. Furthermore, the parent cultures still react as 
the same mating type they were when first isolated, even though they 
have been subcultured many times during the year to a year and a half 
that they have been in the laboratory. 

These results do not allow any definite conclusion about possible 
temporary changes of mating type during vegetative reproduction such 
as Kimball (1939) found in P. aurelia. If such changes occur, they are 
temporary and the animals quickly revert to the mating type character- 
istic of the clone. The possibility that conjugation in these cases is be- 
tween animals of the same mating type cannot be ruled out but seems 
unlikely in view of the previous work on Paramecium. 

Although the results presented indicate that conjugation within a 














































392 LAUREN C. GILMAN 
clone (selfing) is not the result of a change of mating type following 
autogamy, there are several points of interest in connection with such 
selfings. They occur only in cultures which have been in the same cul- 
ture dish for a period of time—two weeks approximately if a grain of 
pearl barley is added to the culture, longer if the cultures are fed by the 
addition of lettuce infusion. If animals from such selfing cultures are 
removed during the period before selfing occurs and mixed with the 
appropriate mating type conjugation will take place, however, and con- 
tinues to occur even when selfing has commenced in the culture. It can 
thus be seen that being in the proper condition to conjugate when mixed 
is not enough to induce selfing and that some additional factor is in- 
volved. Successive selfings can be readily obtained at approximately 
two-week intervals if cultures are started from single non-conjugant or 
split-pair animals and maintained under the conditions described. 

There is one case of conjugation within a clone (Gilman, 1939) in 
which the situation seems to have been different from that so far re- 
ported. In this clone (M, Group 2, type III) when conjugation was 
observed the first time in an unmixed culture, four conjugant pairs were 
split before they had gone through conjugation and the clones derived 
from the two members were tested for mating type. In all four, one 
member gave rise to a type III and one to a type IV clone. Since this 
phenomenon did not recur, it is impossible to tell whether it was due to 
a change of mating type as a result of autogamy or some other nuclear 
change or whether it resulted from an accidental contamination of the 
original type III culture by type [V animals from another source. 

The subsequent histories of the two types isolated from this culture 
were very different. The four type IV clones continued to react as type 
[V and no conjugation occurred in them without mixture during the year 
they were kept under observation. The four type III clones, however, 
contained conjugants again approximately six weeks after the pairs were 
split. New split pairs were obtained from these type III clones. The 
clones derived from the two members of these pairs were all type III. 
It appears, then, that conjugation within a clone may be the result of 
the production of animals permanently of both types as in clone M at 
the time of its first spontaneous conjugation or it may occur without the 
production of clones permanently of two types as in the subsequent con- 
jugation in clone M and also in clones C2, D2, D4 (type II) and P (type 
III). 

CoNnDITIONS NECESSARY FOR CONJUGATION 
Nutrition 


Some observations of considerable interest have been made on the 
influence of the nutritive state on the clumping or mating reaction and 
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on the subsequent conjugation. No detailed observations have been 
made with respect to this problem in Groups 3, 4 and 5. A little has 
been done with Group 1, but since the results obtained were essentially 
similar to those obtained with Group 2 and since more detailed observa- 
tions were made with Group 2, only this group will be considered. In 
Group 2 five stages in nutritive decline associated with characteristic 
changes in the mating reaction have been observed. When cultures of 
types III and IV in these diverse conditions are mixed the following 
immediate behavior is observed: 


(1) Animals very well fed and plump: No immediate mating reac- 
tion and no conjugants present at the end of 24 hours. 

(2) Animals well fed but not markedly plump: A weak immediate 
mating reaction; a few animals cling together in pairs but break apart 
in a short time ; no conjugants present at the end of 24 hours. 

(3) Animals of moderate size, not well fed: Strong mating reaction ; 
many clumps form; these later disintegrate into pairs which remain to- 
gether and complete conjugation. 

(4) Animals small and thin: Strong mating reaction; many clumps 
form; these later disintegrate, but few or none of the animals proceed 
to conjugate. 

(5) Animals very small and starved: No immediate or later mating 
reaction and no conjugation. 


The mixtures used in the above observations were kept for only 24 
hours so that it is not known whether conjugation would have occurred 
in the mixtures in the first two stages if they had been kept for a longer 
time, but it seems probable that conjugants would form as the paramecia 
reached stage 3. The various stages of nutritive decline can be seen 
successively in a culture to which a considerable amount of food is added 
and the culture then allowed to decline without the addition of more food. 

These observations appear significant in that they indicate that the 
conditions under which the mating reaction occurs are not necessarily 
favorable for conjugation; i.e. the mating reaction is much less sensitive 
to nutritive conditions than conjugation so that the paramecia give the 
mating reaction before they have reached the proper condition for 
conjugation and also after they have passed this condition. 


Diurnal Periodicity 


Since a diurnal periodicity in the mating reaction has been found in 
certain groups of P. bursaria (Jennings, 1939a) and P. aurelia (Sonne- 
born, 1938a), and furthermore, since it has been stated by Maupas 
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(1889) that P. caudatum conjugates at about 4:00 A.M., this question 
was investigated with all five groups of mating types. 

In the investigation of periodicity the mixtures were examined im- 
mediately for mating reactions and twelve hours later for conjugants. 
In Group 1 hourly mixtures with immediate mating reactions and later 
conjugation were made only between 11 P.M. and 6 A.M., but since 
pairs just beginning to form have been observed at various hours of the 
morning and afternoon, it seems fair to conclude that there is no diurnal 
periodicity in this group. In Groups 2 and 3, mixtures followed by im- 
mediate clumping and later conjugation were made at all hours of the 
day and night, so that it is obvious that there is no periodicity in these 
two groups. In Groups 4 and 5, immediate clumping and later pairing 
was obtained in mixtures made between 8 A.M. and 2 A.M. Although 
mixtures were not tried between 2 A.M. and 8 A.M., strong mating reac- 
tions were obtained at both ends of this period and it seems probable that 
clumping and conjugation would have occurred if mixture had been 
made at these times. It therefore appears that there is no diurnal pe- 
riodicity in any of the five groups of mating types so far discovered in 
P. caudatum. 


Temperature 


It was desired to investigate the effect of temperature upon conjuga- 
tion in order to ascertain what temperature was most favorable for con- 
jugation, whether the temperature to which the paramecia had been ex- 
posed before mixture had any effect on the number of conjugants 
formed, and whether any differences existed among the groups in their 
response to temperature. In investigating this problem all factors ex- 
cept the temperatures used were kept as constant as possible. One repre- 
sentative clone of each mating type of Group 1, Group 2, and Group 3 
was used in this work. Four cultures of each mating type were left at 
room temperature (24° to 28° C.) for two days. At the end of this time, 
additional culture fluid was added and they were placed at the various 
temperatures—in Groups 1 and 3: 9°, 18°, 24°, and 31° C., in Group 2: 
9°, 20°, 24°, and 28° C. The cultures were left at the various tempera- 
tures for forty-eight hours. For Groups 1 and 3, at the end of this time 
four mixtures of the two types from each temperature were placed at 
all the temperatures used. Thus, four mixtures from 18° were placed at 
9°, four at 18°, four at 24°, and four at 31° C., and in the same manner 
for each of the other temperatures. In the case of Group 3 the experi- 
ment was repeated, giving a total of eight mixtures in all. In no case 
were any mixtures made between cultures which had previously been 
kept at two different temperatures ; all were between two cultures kept at 
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the same temperature. In Group 2, six mixtures were made instead of 
four and the experiment was performed twice, giving twelve mixtures 
in all. The mixtures were examined at twelve-hour intervals and all 
conjugants present were removed with a pipette and the number present 
recorded. When no conjugants had been found in the mixtures for the 
three previous twelve-hour periods, the remaining animals were removed 
and counted. This number was used in calculating the percentage of 
conjugation. 

The results of the experiments are given in Table II. In Group 2, 
it will be seen that the greatest percentage of conjugation occurred when 


TABLE II 


The effect of various temperatures on the number of pairs of conjugants and 
the percentage of conjugation in mixtures of Group 2 and Group 3 animals. The 
means of eight or twelve mixtures are given in the table. 


Group 2 


Temperature after mixture of the two types 


28° 26° 20° 9° 
28° 109 229 8.6 18.3% 15.0 29.4% 0 0% 
26° 2.0 3.5% 8.3 18.3% 16.4 31.8% 0 0% 
20° 2 6.7% 19.4 33.0% 33.5 54.8% 0 0% 
9° 00 0.0% 19.7 27.5% 33.7 455% 0 0% 
Temperature 
for two days 
before mixture Group 3 
31° 24° 18° 9° 
31 45 9.0% 73.8 86.7% 63.2 88.2% 0 0% 
24° 0.0 0.0% 68.2 88.5% 54.5 83.8% 0 0% 
18° 0.0 0.0% 61.2 78.5% 49.5 71.2% 0 0% 
9° 00 00% 53.2 63.7 


1% 42.2 49.7% 0 0% 


animals kept at 20° C. were put after mixture at 20° C. In general, the 
results indicate that the temperature at which the animals were kept both 
before and after mixture affect the amount of conjugation. Either very 
high or very low temperatures after mixture either decrease the per- 
centage of conjugation markedly or prevent it entirely. Low tempera- 
tures (9° or 20°) before mixture appear to be more favorable for con- 
jugation than high temperatures (26° or 28°). 

In Group 3, the highest percentage of conjugation occurred when 
mixtures of animals from 24° C. were kept at 24° C. In general, it can 
be said that, as in Group 2, very high or low temperatures after mixture 
are unfavorable for conjugation. Unlike Group 2, high temperatures 
before mixture appear to be more favorable than low. 

When the numbers of conjugants formed in each of the mixtures 


































396 LAUREN C. GILMAN 
during each of the twelve-hour periods after mixture until no more con- 
jugants were formed were considered, it was found that in Group 2 most 
of the conjugants were formed in the first twelve hours after mixture. 
In only one set of mixtures,—those put at 20° after two days unmixed 
at 9°,—is the time of greatest conjugation shifted to the period between 
twelve and twenty-four hours after mixture. At 24° in Group 3 most 
of the conjugants were found between twelve and twenty-four hours 
after mixture while at 18° most of the conjugants were found 36 to 48 
hours after mixture. 

In Group 1, the results obtained are not complete enough to justify 
inclusion but they indicate that the lower the temperature before mixture 
the greater the conjugation, and that most conjugants are produced when 
the paramecia previously kept at 9° C. are put at 20° C. 


Group DIFFERENCES 


An attempt was made to ascertain whether there were any differ- 
ences between the groups besides the primary group difference in the 
mating type. With respect to size, it was found that the animals in 
Group 3 are characteristically smaller than the animals in Groups 1, 2, 
4 and 5. Under isolation line conditions, these differences are hardly 
noticeable but when grown in mass cultures become very striking. In 
Group 1, it was found that on the average the type II animals were 
smaller than the type I and of a slightly different shape, being rather 
shorter and broader. This difference becomes very obvious in con- 
jugating pairs where the type I members may frequently be twice as 
long as the type II member. So far only two collections of eight clones 
in all have been found for Group 1 so that it is possible that the con- 
dition is not general for the group. However, all the clones so far ex- 
amined (three of type II and five of type I) show the difference. In 
Group 2 characteristic size differences between clones have been observed 
but without any correlation with mating type. 

There are also characteristic differences in Group 1 as to selfing. 
Type II animals self readily while the type I animals self very rarely. 
In Group 2, both selfing and non-selfing clones are found but they are 
not correlated with mating type. Group 3 seems to have rather less 
selfing than either of the other two groups since only a few instances of 
conjugation without mixture have been found in this group. 

Under good conditions for conjugation, there are, as mentioned 
previously, differences in the proportions of the animals in mixtures 
which conjugate. Thus the greatest proportion of conjugation in mix- 
tures occurred in Group 3 and the lowest proportion of conjugation in 
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Group 1. Another already-mentioned difference with regard to conjuga- 
tion is that low temperature before mixture causes more conjugation in 
Groups 1 and 2 but less conjugation in Group 3. 

A comparative study was made of the adverse effects on P. caudatum 
of mixture with three clones of P. aurelia (H, G, and 47). These 
clones are known (Sonneborn, 1938), 1939, and unpublished) to cause 
certain other clones of P. aurelia to die in characteristic fashion when 
they are mixed with them. These three clones were mixed with 73 
clones of P. caudatum and the mixtures were observed daily until dead 
or until all the other mixtures which showed an effect were dead. In 
all cases, control groups of P. caudatum were kept without mixture with 
the clones of P. aurelia. 

The effect on P. caudatum which is produced by G is first indicated 
by the avoiding reaction and spinning by the affected individuals. The 
spinning takes the form of rapid rotation on the longitudinal axis with 
little or no forward movement. In some instances, the animals revolve 
(without moving forward) around an axis parallel to the longitudinal 
axis of the paramecium so as to describe a cylinder or a segment of a 
cone. These manifestations do not occur continuously but alternate with 
periods of quiescence or normal swimming. In addition to the altera- 
tion in behavior described above, morphological changes also occur; the 
paramecia become thin, flattened and gradually become transparent. As 
they become transparent, crystals become visible in the cytoplasm. There 
is no regularity about the position of the crystals, which are sometimes 
in the anterior end, sometimes in the posterior end, and sometimes dis- 
tributed about the periphery. No characteristic differences in the re- 
action to G were noted between the groups of mating types. 

Stock H has no marked effect on behavior of P. caudatum but the 
morphological changes are much more striking than those produced by 
Stock G. The affected animals stop feeding and lose all their food 
vacuoles. They then become filled with clear vacuoles. Generally there 
were two large vacuoles in each animal in the region of the contractile 
vacuoles and several smaller vacuoles. In some, only one large vacuole 
was formed. The vacuoles gradually enlarge until the ectoplasm be- 
comes widely separated from the rest of the cytoplasm and the paramecia 
appear blistered. Frequently, just before death, the macronucleus be- 
comes visible as a round body. In many dead animals both the blistering 
and the visible macronucleus are evident while in others only one is to 
be seen. In other cases, only the vacuolization was apparent. No char- 
acteristic differences were noted among the first three groups in their 
response. However, both Groups 4 and 5 were resistant to the effect of 
H and remained normal. 
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The effect of Stock 47 was as striking as that of H in a somewhat 
different way. The first effect was that the animals became shorter and 
thicker than normal. This was followed by enlargement of the pos- 
terior end. This enlargement appeared to be caused by the massing of 
the cytoplasm and macronucleus at the posterior end toward one side of 
the animal. The animals frequently became almost spherical before 
death. In some instances a single vacuole appeared at the posterior 
end but this was not a constant effect. Much more common were small 
vacuoles under the ectoplasm giving the animals a rough appearance. 
None of the clones tested were resistant to Stock 47, and it is of con- 
siderable interest that the clones which were resistant to H appeared to 
be more quickly and strikingly affected than the other clones. 

In summary, it can be said that there appear to be characteristic dif- 
ferences between the groups in size and in various physiological char- 
acteristics. In Group 1, there also appear to be characteristic differences 
between the two mating types in size. In the other groups, there were 
no such characteristic differences between the mating types. 


DISCUSSION 


2 
Z 
The condition in P. caudatum with respect to the number of types 
within a group is like that in P. aurelia, since only two mating types have 
been found in each group; not four or eight as in P. bursaria. P. 
caudatum differs from both P. aurelia and P. bursaria in that it has 3 
certainly four and in all probability five groups of mating types while j 
they have only three groups. : 
The wide occurrence, under certain conditions, of conjugation within : 
a clone is of considerable interest in connection with the question of ; 
whether or not the presence of both mating types is necessary for con- 
jugation to occur. In one clone (M) when pairs were split, it was 
found that both mating types of the group were indeed present. This 





may have been due to a change of mating type at autogamy, such as was 
found to occur in P. aurelia by Sonneborn (1937) and Kimball (1937). 
The possibility of accidental contamination cannot be excluded, however. 
In all the other clones of P. caudatum in which it was possible to separate 
conjugating pairs, the cultures derived from both members of a split 
pair were of the same type as the original culture. It has been impos- 


: 


sible as yet to ascertain whether two mating types were present at the 
time conjugation occurred, one of which changed type again to become 
the same as the original clone or whether conjugation was occurring 
between two animals of the same mating type. Kimball (1939) has 
shown that in P. aurelia there may be a temporary change of mating type 
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during vegetative reproduction but that animals which have thus changed 
their mating type give rise to clones of the original mating type. It 
appears possible that a similar process occurs in P. caudatum. That the 
repeated occurrence of conjugation within a clone was the result of a 
preceding autogamy appears unlikely in view of the fact that the two 
members of split pairs gave rise to clones of the same mating type and 
in view of the failure to find evidence of nuclear change in these clones. 
In some clones selfing occurred frequently while in others it occurred 
only once or not at all. This difference between clones is probably the 
basis of the conflicting results on the effect of environmental changes 
on conjugation in P. caudatum. Zweibaum (1912) found that he could 
induce conjugation in the clone of P. caudatum with which he was work- 
ing by adding various salts in certain concentrations. He concluded, 
since he used only this one clone, that conjugation was dependent solely 
on environmental factors. Hopkins (1921) and Ball (1925) tried 
Zweibaum’s methods on a number of clones of P. caudatum and found 
that they gave conjugation with some clones but not with others. These 
conflicting results can be explained by assuming that Zweibaum had a 
clone of animals in which selfing occurred rather readily, while Hopkins 
and Ball, since they used several clones, had some which selfed readily 
and some which would not self. 

The nutritive requirements observed for conjugation appear to agree 
very well with those reported by Maupas (1889), Calkins and Cull 
(1907), Jennings (1910), Zweibaum (1912), Calkins and Gregory 
(1913), Ball (1925), Chatton and Chatton (1931), and Giese (1935). 
The paramecia conjugate when not too well fed, yet not starved. This 
is, of course, the condition produced when the food supply is suddenly 
decreased or when animals which have exhausted the food in the medium 
are given a limited supply of food. The most interesting result of the 
work on the effect of nutrition on conjugation is the fact that the mating 
reaction, clinging together and clumping, occur under conditions which 
are not satisfactory for conjugation. This phenomenon of strong 
clumping with the production of few or no pairs of conjugants was ob- 
served in several mixtures of clones in Groups 1 and 2. It is especially 
marked in those animals which have passed the point of optimum nutri- 
tional condition for conjugation and somewhat less so when the animals 


have not yet reached this condition. 


SUMMARY 


1. An investigation of the numbers and interrelations of the mating 
types in Paramecium caudatum in cultures derived from single animals 
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Of 93 clones from 26 
natural sources the mating types are still to be identified in 3 clones 
from 2 natural sources. 


isolated from wild cultures was carried out. 


2. The clone cultures could be divided into mating types in several 
non-interbreeding groups. Animals from cultures of different groups 
did not conjugate when mixed with one another. Within each group 
two mating types were found. Animals from cultures of different mat- 
ing types belonging to the same group conjugated when mixed together. 
Four non-interbreeding groups of mating types have been definitely 
established and the occurrence of five groups is highly probable. 

3. In regard to the geographical distribution of the mating types, no 
evidence was found for the formation of local groups of mating types 
which would not conjugate with animals from other localities. 

4. Ordinarily, conjugation occurred only when animals from two 
different mating types were mixed but under certain conditions some 
clones conjugated without mixture. 

5. It was found that ordinarily such conjugation was not the result 
of the production of two mating types at autogamy as in P. aurelia. 

6. In one case (clone M, type III) both mating types of a group 
were produced in a clone but it was not possible to correlate this fact 
with a preceding autogamy. 

7. It was found that the mating reaction itself (clumping of the 
animals) would occur under nutritive conditions which would not per- 
mit the completion of conjugation. 

8. The temperature both before and after mixing the mating types 
has a definite effect on the proportions of the animals conjugating. 
Very little or no conjugation occurred when the animals were kept at 
the extremes of temperature (9° and 28° and 31°) after mixture. A 
low temperature prior to mixture caused more conjugation in Group 2, 
less in Group 3. 

9. None of the five groups of mating types gave any indications of 
a diurnal periodicity. 

10. Group 3 animals are obviously smaller than Group 1 or Group 2 
animals. 

11. In Group 1, there is a difference in size between the mating types ; 
type I is larger than type IT. 

12. Type II animals “self” (conjugate without mixture) much 
more frequently than type I animals. 

13. In mixtures between animals of different types the largest per- 
centage conjugate in Group 3 and the smallest in Group 1. 

14. No differences were found between Group 1, 2, and 3 in their 
response to the toxic effects produced by races G, H, and 47 of P. 
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aurelia. The clones which form Groups 4 and 5 are resistant to the 
lethal effect of H. 

15. A possible explanation of the conflicting results on the effect of 
environmental factors on conjugation obtained by earlier workers on 
P. caudatum was presented. 
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THE FUNCTION OF THE ANTENNAL RECEPTORS IN 
LEPIDOPTEROUS LARVAE* 


V. G. DETHIER 


(From John Carroll University, Cleveland, Ohio) 


The problem of correlating the different structural types of sensilla 
with the various sensory perceptions recognized in insects has, with the 
exception of vision and the mechanical senses, met with only fair suc- 
cess. Olfactory sensilla are still so called primarily because of their 
structure. Two of the greatest difficulties encountered in determining 
experimentally the function of certain sensilla have been their wide 
distribution over the body and the proximity of many different types on 
a single appendage or given area. In this respect the antennae of lepi- 
dopterous larvae are ideal organs for study since the sensilla thereon 
are ten in number and comprise only five structural types. Advantage 
has been taken of this situation to study not only the functions of the 
antenna but also to attempt to assign some function to each of the 
various sensilla located there. 

Two sensory faculties have been ascribed to the larval antenna. 
Blanc (1889) considered it simply a tactile organ. Nagel (1897) main- 
tained that it was primarily an olfactory organ. Both of these authors 
based their assumptions on structure alone. The purpose of this paper 
is to point out the probable functions of the antenna as indicated by 
experiments on several species of caterpillars and to attempt to correlate 
this sensory activity with the five morphological types of sensilla borne 
there. 

MATERIAL AND METHODS 


The species of caterpillars employed were determined largely by 
their seasonal and numerical availability. Since the antenna is funda- 
mentally the same in all larvae of this order (cf. Dethier, 1941) and the 
reactions predictable irrespective of the species used, it was deemed un- 
necessary to restrict experiments to a single species. Similarly inter- 
specific comparisons seemed allowable. Third, fourth, and fifth instar 
larvae of the following species were employed: Jsia isabella A. & S. 
(Arctiidae), Liparis dispar L. (Liparidae), Malacosoma disstria Hbn. 
(Lasiocampidae), Cingilia catenaria Dru. (Geometridae), Pieris rapae 
L. (Pieridae), and Nymphalis antiopa L. (Nymphalidae). It soon be- 

1 The writer wishes to express his appreciation to Professor C. Ladd Prosser 
of the Department of Biology, University of Illinois, for his generous assistance 
in the electrical phases of this problem. 
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came apparent that age had no effect on the results obtained, hence larvae 
that had attained size convenient for dissection became fit subjects for 
experimentation. Approximately five hundred specimens were used. 

It was proposed: (1) to record and measure action potentials on the 
antennal nerve when the long hairs were stimulated by bending; (2) to 
study the character of the olfactory sense and ascertain the effect of 
antennal extirpation on the general threshold for response to odors; 
and (3) to record and measure action potentials on the antennal nerve 
when the end organs were stimulated by odorous substances. 

Action potentials on the antennal nerve were recorded photographi- 
cally by means of a Matthews oscillograph and a resistance-capacity 
coupled amplifier. Conduction of the experiment was rendered difficult 
by reason of the toughness of the head capsule and general inaccessibility 
of the antennal nerve as well as the extreme shortness of the nerve. A 
larva to be tested was fastened ventral side down to a block of paraffin 
by means of fine insect pins. The anterior surface of the head capsule 
comprising the vertex and adfrontal areas was excised with a pair of 
iridectomy scissors. Removal of this piece of cuticle left a window in 
the front of the head capsule exposing the brain and its nerves. Ex- 
perience showed that neither Ringer’s solution nor a moist chamber prep- 
aration were necessary because there was practically no drying out of 
the nerves during the first hour of experimentation. After one hour 
had elapsed, a fresh specimen was prepared. Due to the shortness of 
the nerve (1.75 mm.), all recordings were mono-polar. A fine silver 
wire hooked under the nerve raised it into the air. A thicker silver 
wire led down into the tissues and body juices of the head. This lead 
was used alternately as ground and grid. Unfortunately, recordings of 
this nature rendered impossible any interpretation of wave form, and 
spike heights were purely relative. 

The general threshold for response to olfactory stimuli was measured 
with a specially designed olfactometer. Caterpillars give no recognizable 
response to attractant odors nor do they respond to repellent odors 
unless the concentration is high. For these reasons it was necessary to 
stimulate with repellent odors and to deliver measured concentrations 
directly to the larvae. 

A stream of nitrogen gas of constant velocity was saturated with the 
test odor by being bubbled through a C. P. grade of the odorous liquid. 
It was then diluted to the desired concentrations by the addition of 
oxygen gas and the resultant mixture delivered to the chamber contain- 
ing the larva. Complete saturation of the nitrogen was insured by the 
use of three all-glass saturators in series. These were adaptations of the 


type designed by v. Bichowsky and Storch (1915). The flow of gas in 
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each case was regulated by needle valves and measured by glass flow 
meters (Benton, 1919). The gases were mixed in a chamber which 
also acted as a valve preventing the more rapidly flowing gas from 
blocking the flow of the less rapidly flowing one. A larva was confined 
in a glass tube 8 mm. in diameter and 45 mm. long. A cap of fine-mesh 
copper screening at either end prevented the escape of the animal yet 
allowed the free passage through the tube of all gases. This tube was 
then placed within the glass test chamber to which the mixed gases were 
delivered and from which they escaped into the room. Saturators, mix- 
ing chamber, and test chamber were immersed in a constant temperature 
bath maintained at 20° C. This temperature was found to be optimum 
for larvae and convenient for calculations of concentrations. A light 
was suspended over the test chamber to illuminate the animal and cause 
it to remain in a central position where it was observed with the aid of 
a large magnifying glass clamped over the chamber. All connections 
were glass to glass. Rubber tubing and stoppers, even when treated, 
emitted odors. Cork stoppers were used wherever frequent breaking 
of connections was necessary. They were replaced several times daily. 

[Inability to compress or secure compressed air necessitated the use 
of a cheap, easily obtained gas. Nitrogen filled these requirements. 
The addition of oxygen was necessary for the maintenance of life. 
Two variables, the oxygen/nitrogen ratio and the gas velocity, consti- 
tuted possible sources of error. Carefully controlled experiments indi- 
cated that changes in the oxygen concentration of the gas mixture rang- 
ing from 20 per cent to 100 per cent oxygen had no effect on the response 
to odor. The average thresholds for larvae maintained at atmospheric 
concentrations of oxygen did not differ significantly from those for 
larvae maintained in a gas mixture containing about 99 per cent oxygen. 
Therefore, the small changes in oxygen concentration introduced in 
the course of the experiments (80 per cent to 99 per cent) required no 
further control. Responses to variations in gas velocity accompanied 
large and abrupt changes only. Thresholds could be determined at dif- 
ferent gas mixture velocities since concentrations depended upon the 
ratio of the rate of flow of oxygen to the rate of flow of nitrogen and 
not on the total velocity. Thus it was found that the threshold of re- 
sponse to odors remained unaffected by small velocity changes occurring 
under usual experimental conditions. Concentrations were calculated 
in terms of grams of solution (in this case benzaldehyde) per liter of 


gas mixture from the following equation: 
Pa’ M, 


W = 7. 
(Py — pRT|| Fo, — ( . 


P, - Pa Fx : 
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where W the number of grams of benzaldehyde per liter of gas 


mixture, p,==the vapor pressure of benzaldehyde in millimeters of 


mercury at the temperature of the solution, M,=— the molecular weight 
of the benzaldehyde, P,—the barometric reading in millimeters of 
mercury, R=the gas constant (0.08207 liter atmospheres), T= the 
absolute temperature, Fo, =the ratio of the rate of flow of oxygen to 
the rate of flow of nitrogen in liters per minute, and Fn, =the rate of 
flow of nitrogen in liters per minute. Humidity was not controlled and 
may have had some slight effect on the threshold values. 


THE ANTENNAE 


The antennae are located on the ventral lateral surface of the head 
arising from the region of the postgenae near the bases of the mandibles.” 
They are inserted into a membranous area in the head capsule known 
as the antacoria. Each antenna is three-segmented (Fig. 1). The first 
or basal segment sometimes contains four sensilla campaniformia. Upon 
the second segment are located most of the antennal sensilla. At the 
proximal end approximately in line with the larger hair is located a 
single sensillum campaniformium. Next in order are two long thick- 
walled hairs (sensilla trichodea). They are true hairs arising from 
articulation sockets. Distally there are always three sensilla basiconica, 
two large and one minute. Segment three usually contains four sensilla 
apically, a sensillum styloconicum, a large sensillum basiconicum, and 
two small sensilla basiconica. The three large, hollow, thin-walled sen- 
silla basiconica possess elaborately sculptured surfaces. 

Three discrete sets of muscles inserted on the anterior mesal edge 
of the base of the proximal segment effect the withdrawal of the an- 
tenna. These muscles originate in the head capsule in the parietal re- 
gion laterad of the adfrontal area. Extension of the antenna is regulated 
by blood pressure. 

A single nerve from the deutocerebrum innervates the antenna. A 
basal branch terminates in the head capsule adjacent to the insertion of 
the antenna; the antennal branch innervates the antenna proper. Each 
of the two hairs is innervated by a single bipolar sense cell. Also in- 
nervated by single bipolar sense cells are the sensillum campaniformium 
and the small sensilla basiconica. Four bundles of primary bipolar sense 
cells fill the greater part of the antenna distally. Each of the three large 
sensilla basiconica is innervated by one bundle (Fig. 2). The fourth 

* A complete description of the antennae has been given in a previous commu- 


nication (Dethier, 1941). Figures 1 and 2 are reproduced through the courtesy 
of the Bulletin of the Museum of Comparative Zodlogy, Harvard College. 
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Fic. 1. Semidiagrammatic longitudinal section of the antenna (after Dethier, 
1941). 1, 2 and 3, first, second and third segment respectively; M1, M2 and M3, 
first, second and third muscle bundle respectively; 7, trachea; N, nerve; SB, sen- 
sillum basiconicum; SS, sensillum styloconicum; SC, primary bipolar sense cells. 
(This figure is reproduced by courtesy of the Bulletin of the Museum of Com- 
parative Zoology.) 


bundle apparently innervates sensilla on the third segment. As many 
as twenty-five cells have been counted in each bundle. 
THE TACTILE SENSE 


Scattered over the bodies of caterpillars are numerous thick-walled 
hairs (sensilla trichodea) differing markedly in length and diameter. It 
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ic. 2. Longitudinal section through the second antennal segment showing 


the innervation of the hair and sensillum basiconicum (after Dethier, 1941). SB, 
sensillum basiconicum; S7, sensillum trichodea; 7/, trichogen; TR, tormogen; 
l’, vacuole; SC, primary bipolar sense cells; N, nerve; HY, hypodermis; 7G, 
tracheolar glomerulus. (This figure is reproduced by courtesy of the Bulletin of 
the Museum of Comparative Zoology.) 


has been demonstrated repeatedly that many of these subserve a tactile 
function. The resemblance in structure of the two hairs characteris- 


tically found on the antenna to tactile hairs of the body very early led 


to the belief that they also were tactile hairs. The function of the 
remaining sensilla was largely ignored. 


By observing directly the response to tactile stimulation of the dif- 





PY a. 
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ferent sensilla and by recording action potentials on the antennal nerve, 
it has been possible not only to verify the function of the large hairs but 
also to determine the functional nature of some of the other sensilla. 
Action currents were recorded by means of the apparatus and prepara- 
tions already described. Hairs were stimulated first by touching gently 
with another hair from the body of the animal, second by bending with 
a fine glass needle. In the former case no responses were observed on 
the intact animal nor any action potentials recorded on the antennal 
nerve of the dissected animal. When the long hair was bent sufficiently 
to cause movement of the hair within its socket, the intact animal re- 
sponded by quickly withdrawing the antenna into the antennal socket. 
Impulses were recorded when stimulation of this sort was applied to the 
dissected animal. Since the nerve was severed centrally, there were no 
spontaneous discharges nor motor activity from the brain. Spike 
heights averaged 8 microvolts. After the long hair was cut away at its 
base, stimulation of the short hair was possible. The tactile threshold 
of this hair, judging from the amount of bending necessary to produce 
a response, is much lower than that of the long hair. Following re- 
moval of the short hair the remaining sensilla were stimulated tactually 
without interference. Attempts were made to touch each sensillum 
individually. This proved exceptionally difficult. A micro-manipulator 
and fine glass needles were tried without success. Finally stimulation 
was accomplished by means of a fine hair from the animal’s body. When 
the sensilla on the third antennal segment were touched, immediate with- 
drawal of the antenna resulted. It was impossible, however, to touch 
the large sensillum basiconicum without also touching the sensillum 
styloconicum. Attempts to touch either of the large sensilla basiconica 
on segment two without also stimulating the minute sensillum basiconi- 
cum wese not entirely successful. It was possible with an animal pos- 
sessing an abnormal antenna which lacked large sensilla basiconica to 
stimulate the minute sensilla basiconica. This much is certain. Light 
tactile stimulation of the minute sensilla basiconica resulted in a re- 
sponse; bending of the large sensilla basiconica sufficiently to cause 
strains in the surrounding surface cuticle also caused a response. No 
other part of the antenna appeared sensitive to tactile stimulation. 
When the cuticle in the region of the sensillum campaniformium was 
deeply depressed by pressure with a glass needle, withdrawal of the an- 
tenna resulted. This region, however, was not sensitive to light touches. 
Movement of the antenna as a whole on the dissected animal with the 
nerve cut centrally resulted in a burst of impulses. These probably 
resulted from stimulation of the sensillum campaniformium since no 


muscle receptors have been found associated with the antennal muscles 
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THe Ovractory SENSE 

The existence of an olfactory sense in caterpillars was first demon- 
strated by McIndoo (1919). Larvae of several species responded to 
the odors of essential oils. End organs on the distal segments of the 
antennae and maxillae were suggested in a previous communication 
(Dethier, 1937) as the probable olfactory receptors. The ability of the 
larvae to respond to essential oils is impaired or destroyed by removal of 
these areas. Gotz (1936) maintained that the olfactory sense was not 
localized in the antennae or maxillae insomuch as larvae continued to 
feed following extirpation of these appendages. This conclusion does 
not seem justifiable because the initiation of feeding is not always de- 
pendent upon chemotaxis. Caterpillars frequently attempt to eat odor- 


TABLE I 


Olfactory response and longevity of Cingilia catenaria following operations to the 
antennae and maxillae 


— ao i Response ain Response Penn Pe nal 
182 | Maxillae | Excellent | Antennae None 7/25/37 | 8/8/37 
| removed removed 
| 6/30/37 | 7/3/37 | 
| 
197 Antennae Excellent | Maxillae | None 7/15/37 7/28/37 
removed | removed | 

6/30/37 | 7/9/37 
198 | Antennae | None - | - 7/12/37 | 7/26/37 
and 
maxillae | 
removed 
7/1/37 


less cellulose materials. They are known to eat their way to freedom 
when confined in cardboard containers. 

Repeated experiments have shown that extirpation of the antennae 
does not abolish responses to essential oils or odorous liquids held close 
to the head. Nor does removal of the maxillae completely destroy the 
olfactory sense. Only when both pairs of appendages are removed is 
the sense of smell destroyed. As long as the operation was carefully 
executed a larva suffered no permanent ill effects. Parts were removed 
by cutting with a microscalpel. Recovery from surgical shock was com- 
plete thirty minutes after cutting. As a precautionary measure, how- 
ever, experiments were not conducted until twenty-four hours had 
elapsed. Best results were obtained without the use of anesthetics. 
Two sets of experiments demonstrated that failure to respond to odors 
following removal of both antennae and maxillae was not due to more 
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severe surgical shock than the removal of either pair alone. (1) Re- 
generation of antennae or maxillae in subsequent instars was accom- 
panied by return of the olfactory sense. (2) Operations involving in- 
jury to more and larger nerves, as removal of all thoracic legs or de- 
capitation, did not result in shock of sufficient severity to impair the ol- 
factory sense. Mortality rates were less than 1 per cent. It may be 
seen from Table I that these operations were not sufficiently shocking to 
interfere with the normal life processes of the insect. 

Two facts were noted in the course of these experiments which sug- 
gested that a determination of the threshold for response to olfactory 


OF LARVAE 


NUMBER 




















GRAMS OF BENZALDEHYDE PER LITER OF GAS (x 10-7) 


Fic. 3. Change in the threshold sensitivity of larvae of P. rapae L. to the 
odor of benzaldehyde following amputation of the antennae. The open histogram 
represents the threshold of response of normal larvae; the cross-hatched histogram, 
that of larvae lacking antennae. 
stimuli might shed further light on the nature and locus of the olfactory 
sense. (1) Larvae lacking maxillae apparently responded more rapidly 
than larvae lacking antennae. (2) Occasional specimens lacking both 
antennae and maxillae gave questionable, feeble responses when strong 
odorous liquids, as turpentine or ammonia, were held not more than one 
millimeter away from the head for a period of sixty seconds or longer. 

Accordingly the threshold values for response to benzaldehyde were 
determined for normal larvae of Pieris rapae as described above. It 
was found that the average threshold for response was 580 « 107 
+ 16.49 « 10° grams of benzaldehyde per liter of gas mixture. For 
larvae from which the antennae had been removed the threshold was 
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770 * 10° + 3.7 * 10° grams per liter. This difference in the aver- 


. ? 


age thresholds is eleven times the standard error of the difference 
Fig. 3). No significant rise in threshold could be demonstrated for 


larvae from which the maxillae had been removed. Unilateral extir- 
pation of either appendage likewise caused no rise in the threshold value. 
This would seem to indicate, first that the antennae did actually possess 
olfactory end organs, and second that the olfactory threshold of the an- 
tennal end organs was lower than that of the maxillary end organs. 

In 0.5 per cent of all of the tests on animals lacking both antennae 
and maxillae a response to benzaldehyde could be obtained. The lower 
limit of the threshold for response in these cases was 1 & 10° grams 
per liter or approximately 17 times the same value for a normal indi- 
vidual. Although this could be interpreted as meaning that olfactory 


ha bi lai 


Fic. 4. a. Record of responses on antennal nerve to stimulation of tactile hairs 
on antenna. Time signal at top of record shows intervals of 0.01 second 
Amplifier baseline with calibrating signal of 8 microvolts. Time signal, 
0.01 second. 


end organs are also borne on parts of the body other than the antennae 
and maxillae, it seems more probable that odors in such high concen- 
trations acted as irritants and were stimulating organs similar in nature 
to the common chemical sense of man. 

A further effort was made to confirm these findings by recording 
action potentials on the antennal nerve when the receptors on the tip of 
the antenna were stimulated by strong odors applied from a short dis- 
tance. Turpentine, oil of wintergreen, oil of cloves, and benzaldehyde, 
which cause the animal to react under normal conditions, were used as 
test substances. Recording methods and preparations were as described 
above. 

With this preparation no action potentials were recorded upon stimu- 
lation of the antennal sensilla. Spikes due to accidental tactile stimula- 
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tion of the hairs on the tip of the antenna did appear on the record. 
They were of the order of magnitude of 8 microvolts. Failure to detect 
potentials from chemoreceptors was thought to be due to the fact that 
the potentials from these receptors were of too low a magnitude to be 
distinguished from the ordinary fluctuations of the base line. That 
this was actually the case is proven below by application of Erlanger 
and Gasser’s equation which states that the recorded potential of action 
varies as the square of the outside diameter of the axon. 

A study of longitudinal as well as cross-sections of the antenna has 
shown that the largest sensory nerve fibers in the antenna innervate the 
tactile hairs. The average outside diameter of these fibers is 3 micra. 
The average diameter of the remaining fibers is 0.8 micra. The am- 
plitude of spikes resulting from stimulation of the tactile hairs was of 
the order of magnitude of 8 microvolts. Measurements of spike am- 
plitude were taken on a calibrated record of potentials from this nerve. 
Application of these values to the equation shows that the value of spikes 
from any of the other fibers would be of the order of 0.57 microvolts. 


D2? D2 0.64 _ 9 


PP, P» x 8 


With the electrodes far apart on fine nerves raised into the air resistance 
was exceedingly high. As a result there was a high noise level of the 
order of magnitude of 2 microvolts. Thus it was impossible to dis- 
tinguish potentials of the order of magnitude of 0.5 or even 1.0 micro- 
volt when the fluctuations of the base line approximated 2.0 microvolts. 


DISCUSSION 


The present experiments confirm the assumptions of earlier workers 
that the antennae of lepidopterous larvae are tactile and olfactory organs. 
All of the evidence favoring the tactile nature of the large sensilla 
trichodea is direct. It is hardly necessary to add that these hairs by 
their structure are ideally adapted for the reception of tactile stimulli. 
Any object or vibration impinging upon either hair of sufficient mag- 
nitude to cause movement of the shaft within its socket may be an ade- 
quate stimulus. Of such a nature are air currents, vibrations of the 
substratum, and preéminently, shocks imparted to the hairs by explora- 
tory movements of the antenna. Stimuli of this last sort serve to in- 
form the animal of obstacles in its path and of the contours of the sub- 
stratum. In this respect other hairs on the feet and mouthparts are of 
nearly equal importance. Finally the antennal hairs protect the more 
delicate antennal sensilla in that by stimulation thereof the animal is 
made aware of potentially injurious objects. The antennal hairs are 
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not alone in this service. Stimulation of numerous structurally similar 
tactile hairs on the parietal region of the head capsule results in with- 
drawal of the antenna. 

It is to be expected that the longer hair would have the higher 
threshold since it is continuously stimulated. Stimulation of the short 
hair signals proximate danger to the antenna. 

Direct evidence likewise indicates that the sensillum campaniformium 
responds to bending of the adjacent cuticle. It is likely that this sen- 
sillum is a proprioceptive organ. Movement of the antenna within its 
socket results in a burst of impulses on the antennal nerve (severed 
centrally). These undoubtedly originate with the sensillum campani- 
formium or with the minute nerves ending freely in the region of the 
hypodermal bulb. These may also be proprioceptive in nature. 

The olfactory nature of the large sensilla basiconica still rests on 
indirect evidence. All experiments point to the olfactory function of the 
antenna. By a process of elimination the large sensilla basiconica must 
be olfactory end organs. Responses to tactile stimuli are observed, 
however, when these end organs are bent with a hair. Some doubt re- 
mains as to whether the response is due to direct stimulation of the 
sensilla basiconica or to transmission of the stimulus through the sur- 
rounding cuticle to the small tactile sensilla basiconica. It is also pos- 
sible that in the aggregate of sense cells innervating the large sensilla 
basiconica there are tactile receptors as well as chemoreceptors. In 
other words, a large sensillum basiconicum may be a composite end 
organ. Histological examination, however, reveals no differences among 


the cells. 
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STUDIES ON THE LIFE HISTORY OF ANISOPORUS 
MANTERI HUNNINEN AND CABLE, 1940 
(TREMATODA: ALLOCREADIIDAE) 

A. V. HUNNINEN?! AND R. M. CABLE 


(From Oklahoma City University, Purdue University, and the 
Marine Biological Laboratory) 


INTRODUCTION 


In August, 1939, the authors discovered a new cotylomicrocercous 
cercaria emerging from the marine snail, Mitrella lunata (Say) collected 
at Waquoit Bay, Cape Cod, Massachusetts. During the summer of 
1940, it was found that this cercaria penetrated marine amphipods and 
developed into progenetic metacercariae of a new species of Anisoporus, 
for which the name Anisoporus manteri was proposed in a preliminary 
abstract (Hunninen and Cable, 1940). 

The genus Anisoporus was erected by Ozaki (1928) to contain A. 
cobraeformis from the intestine of Diacocus petersoni. Two other 
species of Anisoporus from marine fishes have been described by Manter 
(1940) —A. eucinostomi and A. thyrinopsi which is described tenta- 
tively, being possibly a developmental stage of A. eucinostomi. Aniso- 
porus possesses a small accessory sucker anterior to the acetabulum, 
thereby differing from the closely related genera Opecoelus and O pegaster. 

There has been considerable difference of opinion concerning the 
taxonomic significance of anal openings such as those found in Aniso- 
porus, Opecoelus, Opegaster and several other genera of digenetic 
trematodes. Ozaki (1925) regarded anal openings as fundamental 
characters and accordingly proposed the family Opecoelidae to include 
the genera Opecoelus and Coitocaecum. Later (1928), he placed the 
new genera Anisoporus and Opegaster in the Opecoelidae but removed 
Coitocaecum, making it the type of a new family, Coitocaecidae. In 
the same paper, he also erected the family Diploproctodaeidae, with 
Diploproctodaeum La Rue as type genus and included two new species 
of the new genus Diploporus. Odhner (1928) erected the genus 
O pecoeloides and expressed the opinion that Opecoelus and Opecoeloides, 
because of their resemblance to Podocotyle, were aberrant allocreadiids. 
Ozaki (1929) reaffirmed his belief that anal openings were fundamental 

1 This work was assisted by a grant-in-aid to the senior author from the So- 
ciety of the Sigma Xi. 
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characters. Stunkard (1931) has reviewed the literature concerning 
trematodes with anal openings and expressed the opinion that these 
structures have arisen independently in several families and are not of 
great taxonomic importance. He stated that the members of Ozaki’s 
families Opecoelidae and Coitocaecidae might well be regarded as a 
subfamily, Opecoelinae, of the family Allocreadiidae. La Rue (1938) 
concludes that anal openings have little more than specific or generic 
value at the most in the taxonomy of digenetic trematodes. 

The described species of freshwater and marine cotylomicrocercous 
cercariae and the life histories of trematodes known to have this type 
of larva are listed by Cable (1938, 1939) and Dobrovolny (1939a). 


MATERIALS AND METHODS 


Material was collected in abundance from Waquoit Bay, near Woods 
Hole, Massachusetts, and studied mostly while living. Stained whole 
mounts and serial: sections of certain stages were prepared, using con- 
ventional technics. Cercariae were studied with the aid of neutral red 
and Nile blue sulphate supravital stains. The morphology of the meta- 
cercaria and adult was observed in specimens from both naturally and 
experimentally infected amphipods and fishes. Amphipods were in- 
fected experimentally by placing them with infected snails in finger 
bowls which were covered with cheese-cloth and placed in slowly running 
sea water. All measurements given below are in millimeters. Eleven 
adults were measured as stained whole mounts; all other measurements 
were made on living material under light cover-glass pressure. 


OBSERVATIONS 
Experimental Proof of the Life History 


Technical difficulties and brevity of the season made it impractical 
to rear parasite-free amphipods and fishes in the laboratory. For this 
reason, proof of the life history is based on the fact that penetration 
of the cercariae into amphipods could be induced at will and subsequent 
development followed as a continuous process from very young to 
mature, progenetic metacercariae with eggs in the uterus and discharged 
from the body into the surrounding cystic fluid. Amphipods exposed 
to cercariae in the laboratory usually contained a larger number of 
metacercariae and always showed a much higher incidence of infection 
than did amphipods collected in the field. Experimental infections 
superimposed on natural infections could be detected by differences in 


cyst size. 
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LIFE HISTORY OF ANISOPORUS 









Fishes were infected experimentally by feeding them large numbers 
of amphipods. Worms recovered from experimentally as well as 
naturally infected fishes were little further developed than were the 
























progenetic metacercariae. 


| Description of Stages in the Life Cycle 

Adult (Figs. 7-10) 

Specific Diagnosis —Small, elongate worms with characters of the 
| genus Anisoporus. Total length 0.74-2.32 (average 1.54) ; width 0.28- 
i 46 (0.35). Oral sucker width 0.07—.14 (0.114) ; acetabulum in anterior 
i third of body, 0.12~.17 (0.144) wide, provided with three anterior and 
p two posterior papillae; sucker ratio approximately 2 : 2.5. Prepharynx 
; very short, pharynx spherical, 0.07—.11 (0.09) in diameter; esophagus 
j length 0.07—.18 (0.124) ; ceca extend almost to posterior end of body, 
; uniting with excretory bladder, the excretory pore functioning as an anal 
i opening. Testes tandem, in posterior half of body; anterior testis 
: 0.13-.2 (0.16) wide and 0.07—.16 (0.12) long; posterior testis 0.14~.2 


(0.18) by 0.07—.17 (0.13); cirrus sac lacking. Ovary ovoid, median, 
anterior to testes, 0.09-.14 (0.11) wide and 0.05-.12 (0.09) long; 
seminal receptacle lacking; Laurer’s canal present. Uterus anterior to 
ovary, with few coils; vitelline follicles large, beginning just behind 
acetabulum and extending to posterior end of body, the lateral fields co- 
alescing posteriorly; two accessory vitelline ducts extending trans- 
versely, one anterior to ovary, the other posterior to testes. Eggs 0.062- 
.068 (0.065) by 0.035-.04 (0.038). Excretory vesicle sac-shaped; ex- 
cretory formula 2[(2-+ 2) + (2+ 2)]. 

Hosts.—Northern pipefish, Syngnathus fuscus Storer; flounder, 
Paralichthys dentatus (Linnaeus); sand dab, Hippoglossoides plates- 
soides (Fabricius) ; four-spined stickleback, Apeltes quadracus (Mitch- 
ill) and the killifishes, Fundulus heteroclitus (Linnaeus) and F. majalis 
(Walbaum ). 

Locality—Waquoit Bay, Cape Cod, Massachusetts, U. S. A. 

Type Specimens.—Holotype No. 36781 and Paratype 36782, Hel- 
minthological Collection, U. S. National Museum. 

The body is elongate, tapering slightly at both ends. The cuticula 
is aspinose and is modified near the anterior end of the body to form 
small papillae (Fig. 9), each set with a very delicate “hair.” The 
papillae are visible only in living material. 

The ventral sucker is embedded in a large, stalk-like protrusion of 
the body, making it very difficult to mount worms so that the sucker is 
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not displaced to one side. This displacement always causes distortion 
which alters the relationships of various structures. The characteristic 
lobes on the margin of the ventral sucker are shown in Fig. 6. The ac- 
cessory sucker (Fig. 7) is seen more distinctly in living than in fixed 
and stained specimens and hence may have been overlooked in species 
at present assigned to genera other than Anisoporus. It is ventral in 
position, about midway between the acetabular stalk and the pharyngeal 
level, and appears to lie slightly to the left of the midventral line. The 
sucker has no connection with the genital pore which lies at the posterior 
end of the pharynx. 

The shape of the oral sucker and pharynx depends on their state of 
contraction, being either subspherical or slightly wider than long. The 
short prepharynx is evident only in extended specimens. The esopha- 
gus bifurcates at the level of the acetabulum. In the living worm, a 
patch of tiny papillae is seen where the ceca join the bladder. These 
papillae are in the bladder proper and in sections resemble the inner 
processes of the muscle cells in Ascaris. They are especially noticeable 
during rhythmic contractions of the posterior end of the body. 

The testes are intercecal; in moderately contracted worms, they lie 
close together, one behind the other, are definitely wider than long, and 
without notches or lobes. In extended specimens, the testes lie some 
distance apart and are spherical in shape. The vasa efferentia extend 
anteriorly and unite to form a very short vas deferens. The seminal 
vesicle is long, beginning well behind the acetabular level, almost as far 
back as the ovary in contracted specimens. The vesicle is continuous 
with a narrow, delicate ejaculatory duct which is difficult to trace as it 
approaches the genital pore. 

The ovary lies in front of and in contact with the anterior testis. 
From the anterior surface of the ovary, the ciliated oviduct (Fig. 10) 
bends abruptly to the right, extends a short distance, then turns an- 
teriorly and is joined immediately by the Laurer’s canal. The canal 
crosses to the left of the median line and opens dorsally. From the 
junction of the oviduct and Laurer’s canal, the o6type and uterus extend 


EXPLANATION OF PLATE I 


(All figures concern Anisoporus manteri) 


Fic. 1. Cercaria, ventral view. 

Fic. 2. Stylet of cercaria, dorsal view. 

Fic. 3. Metacercaria, 2-day infection. 

Fic. 4. Amphipod with a moderately heavy infection with metacercariae. 

Fic. 5. Metacercaria, showing excretory system and other details of structure. 


Ventral view of acetabulum, showing characteristic papillae. 
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anteriorly as a moderately sinuous tube. The uterus usually contains 
only a few eggs but as many as 80 have been counted. On each side 
of the body, an anterior and posterior vitelline duct join to form the 
transverse common vitelline duct which is expanded medially to form 
the vitelline reservoir. This reservoir joins the odtype just posterior 
to Mehlis’ gland. The longitudinal vitelline ducts are connected by a 
pair of transverse accessory ducts (Fig. 7), one anterior to the ovary, 
the other posterior to the testes. These transverse ducts are clearly 
visible only when filled with vitelline material and may be overlooked 
when empty. 

The excretory vesicle is a long, simple tube with small cells scat- 
tered over its inner surface. It extends to the anterior border of the 
anterior testis. The main excretory tubules are ciliated for about 
three-fourths their length and reach from the anterior end of the 
vesicle almost to the acetabular level where each divides to form an 
anterior and a posterior collecting tubule. Each collecting tubule re- 
ceives two secondary tubules, each of which is joined by the capillaries 
of two flame cells. The excretory formula remains unchanged during 
post-cercarial development. The flame cells are large, averaging 0.012 
mm. in length. 

Anisoporus manteri is compared with described species of Anisoporus 
in Table I. A. manteri differs significantly from A. cobraeformis in 





EXPLANATION OF PLATE II 
(All figures concern Anisoporus manteri) 

Fic. 7. Ventral view of an extended adult specimen (vitelline follicles 
omitted). 

Fic. 8. Sagittal section of adult, showing junction of intestinal ceca and ex- 
cretory vesicle. 

Fic. 9. Dorsal view of adult specimen. 

Fic. 10. Details of reproductive system, drawn freehand from living speci- 
men. 

Fic. 11. Amphipod appendage containing five metacercariae. 


ABBREVIATIONS 


/, anus. OO, ootype. 

{1C, anterior vitelline commissure. OV, ovary. 

AP, acetabular papillae. PC, posterior vitelline commissure. 
AS, accessory sucker. PH, pharynx. 

E, esophagus. PP, prepharynx. 

EG, egg. SV, seminal vesicle. 

EV, excretory vesicle. ’, uterus. 

GP, genital pore. ’, vitelline follicle. 


icle. ’E, vas efferens. 
LC, Laurer’s canal. ’R, vitelline reservoir. 
WG, Mehlis’ gland. 


l 
V 
J, junction of ceca and excretory ves- VD, vitelline duct. 
I 
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except egg size and shape of the ovary. 
in respect to host and locality. 


Metacercaria (Figs. 3 and 5) 


A. cobraeformis 





Ozaki, 
Species 1928 
Length (mm.). 4.3-7.2 
Width (mm.). 0.33-.5 
Oral sucker 
width (mm.) on 0.16-.21 
Ventral sucker 
width (mm.) 5 0.2-.28 
Ovary 
width (mm.). . 0.13-.23 
shape. j globular 
position . separated from 
anterior testis 
Testes 
width (mm.). 0.16-.33 
Eggs 
length. ... 0.044—.046 
width... 0.03-—.033 
Genital pore 
position closer to ventral 
than to oral sucker 
Locality... . Japan 


averaging between two and three. 


TABLE I 
Comparison of Species of Anisoporus 


mature and eggs are laid within the cyst. 
24 eggs, most of which were free in the cyst fluid. 
0.061-.66 (av. 0.064) mm. in length by 0.035-.39 (0.038) mm. in width 
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A. eucinostomi 
Manter, 
1940 


0.345-.465 


0.109-.144 





subtriangular 
close to an- 
terior testis 


0.041-.048 
0.025-.029 


very close to 
pharynx 
Galapagos Is. 


size of body, suckers, testes, ovary and eggs, and the position of the 
genital pore. A. eucinostomi and A. manteri are similar in all respects 
All three species differ widely 


Metacercariae occur in the haemocoele throughout the body of the 
marine amphipods, Carinogammarus mucronatus (Say) (Fig. 4) and 
Amphithoé longimana Smith. Of 239 amphipods (143 C. mucronatus 
and 96 A. longimana) examined for natural infections, 10 per cent were 


A. manteri 
Hunninen and 
Cable, 1940 


0.74-2.32 
0.28-.46 





0.07-.14 
0.12-.17 


0.09-.14 
ovoid 
close to an- 
terior testis 


0.14-.2 


0.062—.068 
0.035-.04 


very close to 


pharynx 


Massachusetts, 


U.S. A. 


positive. The number of cysts per amphipod varied from one to seven, 


The encysted worm is folded on itself (Fig. 3) and closely sur- 
rounded by an elastic cyst membrane 0.004 mm. thick. The membrane 
is easily ruptured with a needle. The size and shape of the metacer- 
caria depend on the age of the infection, young cysts being spherical and 
less than 0.15 mm. in diameter; older ones are ovoid and measure as 
much as 0.785 by 0.675 mm. In large cysts the worms become sexually 


One metacercaria contained 


These eggs measured 
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and appeared to be as normal as those in worms removed from the 
definitive host. 

Amphipods were easy to infect experimentally. In one group of 11 
amphipods exposed for four days to cercariae, one was negative on ex- 
amination while ten contained 4, 4, 7, 7, 8, 8, 13, 13, 15 and 17 small 
metacercariae, all of about the same size. In another experiment, 11 
amphipods were exposed to cercariae for five days and found upon 
examination to contain 1, 1, 6, 7, 7, 10, 10, 12, 14, 28, and 334 cysts. 
Two amphipods in this group were naturally infected, one with two 
cysts and the other with one, all three being considerably larger than 
the metacercariae from experimental infections of the same amphipods. 
Exposure of amphipods to large numbers of cercariae results in heavy 
infections in which the cysts are found throughout the body, even in 
the antennae and legs (Figs. 4, 11). 

In 2-day-old metacercariae (Fig. 3), the stylet is still present but is 
absorbed between the third and fourth days. Soon after encystment, 
the relatively long prepharynx of the cercaria begins to shorten so that 
in older metacercariae it is visible only when the body is extended. 
Dobrovolny (1939b) has described a similar shortening of the pre- 
pharynx in Plagioporus lepomis during post-cercarial development. 


Cercaria (Figs. 1-2) 

Specific Diagnosis ——Modified cotylomicrocercous type. Body con- 
tracted 0.12 long, extended over 0.325, average 0.225; cuticula aspinose ; 
oral and ventral suckers lined with fine spines; a circlet of about 10 
papillae with sensory “hairs” surrounding mouth. Tail extended 
0.048-.056 long and 0.018 wide near base, moderately contracted 0.028- 
.039 long and 0.031 wide, filled with glands the ducts of which form a pro- 
trusible papilla. Oral sucker 0.035 long and 0.031 wide; stylet double 
pointed, 0.01-.011 long and 0.005 wide; prepharynx long and slender, 
pharynx 0.011 in diameter. Ventral sucker 0.032 in diameter. Three 
pairs of cephalic glands with a single lateral and two median ducts on 
each side. Oval excretory vesicle filled with granular masses. Main 
excretory tubules ciliated, dividing at level of acetabulum to form an- 
terior and posterior collecting tubules. Excretory formula 2[(2-+ 2) 
+ (2+ 2)]. Develop in sausage-shaped sporocysts with terminal birth 
pore. 

Host.—Mitrella lunata (Say). 

Locality—Waquoit Bay, Cape Cod, Massachusetts, U. S. A. 

The cercaria of A. manteri differs from described cotylomicrocer- 
cous cercariae in that the tail, instead of forming a hollow sucking cup, 
is filled with large gland cells which secrete a sticky substance. The tail 
becomes so firmly attached to objects that the cercaria is not dislodged 
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by water currents of considerable force. In addition to extension and 
contraction of the body during the waving, exploratory, and inch-worm 
movements characteristic of most cotylomicrocercous cercariae, the 
larvae of A. manteri have a peculiar type of behavior, commonly ob- 
served in attached specimens. The extended cercaria loops on itself so 
that its shape is approximately that of the letter “e” written vertically. 
The body is then straightened with a sudden spiral movement. This 
coiling and uncoiling movement sometimes gives the illusion that the 
cercaria reverses ends. 

Sporocysts of A. manteri occur in the branchial region and digestive 
gland of the snail. They are simple, sausage-shaped forms with a pro- 
trusible anterior end bearing the birth pore. The largest sporocyst 
measured was 0.65 mm. long and contained 35 apparently mature 


cercariae. 
DISCUSSION 


The present study demonstrates that Anisoporus and probably the 
related genera Opecoelus, Opecoeloides, and Opegaster are co-familial 
with other trematodes having cotylomicrocercous cercariae and do not 
constitute a distinct family as maintained by Ozaki (1925, 1929). 
Hence, Odhner (1928) and Stunkard (1931) are supported in their 
opinion that anal openings in these trematodes are of significance only 
in the separation of genera and species. 

If, in the phylogeny of the trematodes, convergent evolution has 
occurred, one would expect to find evidences of it in the parasites of 
fishes, the oldest class of vertebrates. Convergent evolution would ac- 
count for similarity of adult stages of species having fundamentally dif- 
ferent larvae as now well demonstrated in the Allocreadiidae. On the 
other hand, divergent evolution apparently has led to the separation of 
adults which appear to be distantly related but actually have similar larval 
stages. An excellent illustration is afforded by the separation of the 
\canthocolpidae from the Allocreadiidae on the basis of spines in the 
cirrus and metraterm. According to Martin (1939), the acanthocolpid, 
Stephanostomum tenue, has an ophthalmoxiphidiocercaria while the au- 
thors (Cable and Hunninen, 1940) have found that another acantho- 
colpid, Deropristis inflata, has a trichocercous larva. Not only are these 
larvae dissimilar, but each displays characteristics common to certain 
members of the family Allocreadiidae. Hence a classification based on 
actual relationships will require the combination and reclassification of 
the Acanthocolpidae, Allocreadiidae, and possibly the Monorchiidae. 

The task of reclassifying the group would be a formidable one and 
must evaluate both larval and adult characters with great care. Larval 
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and particularly cercarial structures may actually be misleading in some 
cases, particularly in groups in which only a few life histories are known. 
The elimination of a free-swimming period during cercarial life is often 
accompanied by extreme reduction and even complete loss of the tail; 
such modification may occur even in cercariae which emerge from 
aquatic hosts. A good illustration is afforded by the brachylaemids 
whose cercariae were known until very recently only from pulmonate 
gastropods, many of which are terrestrial. In these hosts the tails of 
the cercariae are extremely rudimentary or lacking altogether. Re- 
cently, however, Allison (1940) has found in the prosobranch snail, 
Campeloma, a furcocercous brachylaemid cercaria which, as he states, 
strongly suggests a relationship between the Brachylaemidae and other 
trematodes having furcocercous cercariae. 

When considered only as formulae, excretory systems also may be 
misleading, as exemplified by Cercaria coronanda Rothschild, 1938, the 
cercaria of Exorchis oviformis as described by Komiya and Tajimi 
(1940), and an undescribed species discovered by the authors, all of 
which are true pleurolophocercous cercariae but with an excretory 
formula of 2[(2+ 2) + (2+ 2)]. This formula is the same as that 
of the microphallids but a consideration of other larval characteristics 
gives no reason to consider the cercariae mentioned as intermediate types 
between the pleurolophocercous larvae of the Opisthorchioidea and the 
xiphidiocercous larvae of the Microphallidae. It is clear that the ex- 
cretory pattern must be correlated with other larval characteristics, all 
of which must be considered as a whole. 

There are pleurolophocercous cercariae without eye-spots, cotylomi- 
crocercous forms without stylets, microphallid larvae without tails, and 
strigeid fork-tails without pharynges. Yet other larval characteristics 
give definite clues to relationships. 

Much has been accomplished by the study of adult material as indi- 
cated by the manner in which life-history studies have confirmed rela- 
tionships postulated on the basis of adult morphology. Structure of 
adults may be the deciding factor in the classification of species having 
cercariae so modified that they might be considered either as aberrant 
members of some well-defined group or as a distinct larval type. For 
example, the cercaria of Monorcheides cumingiae (Martin, 1938) differs 
from typical trichocercous species in the nature of the tail and excretory 
pattern and may be a separate larval type. Determining the relationship 
of this species to other trematodes, and hence the validity of the family 
Monorchiidae, may depend as much on adult as larval characters, particu- 
larly until more than one life cycle in the family is known, 
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It is concluded that a revision of the Allocreadiidae is needed and 
at present could be proposed to the extent of defining families and plac- 
ing certain genera in them. Even so, our knowledge of the morphology 
and life histories of many genera is so incomplete that their allocation 
to families would be a matter of conjecture. 

We believe that the trematodes at present assigned to the family 
Allocreadiidae represent at least three distinct families, possibly belong- 
ing to more than one superfamily. This belief is justified if the hetero- 
phyids and opisthorchiids, with practically identical cercariae, are cor- 
rectly regarded as separate families of the same superfamily. 

Very recently, Hopkins (1941) has accepted the validity of the 
family Opecoelidae and included in it all allocreadoid genera having an 
excretory formula of 2[(2 + 2) + (2+ 2)], and cercariae of the coty- 
lomicrocercous type. Leaving all other genera in the family Allocre- 
adiidae, he includes in the Opecoelidae the genera Cymbephallus, Podo- 
cotyloides, Enenterum, Dactylosomum, Coitocaecum, Genitocotyle, Ni- 
colla, Ozakia, as well as the more typical opecoelid genera Opecoelus, 
Opegaster, Opecoeloides, Anisoporus, and Opecoelina. Hopkins also 
implies but does not definitely state that Helicometra, Plagioporus, 
Hamacreadium, Sphaerostoma, and Podocotyle also should be included. 
Since Mathias (1937) has found that Allocreadium angusticolle has a 
cotylomicrocercous cercaria, the genus Allocreadium also should be in- 
cluded in the above group. Obviously, the name Allocreadiidae is avail- 
able only for the family including the type genus Allocreadium; this 
genus must be regarded as co-familial with the genera Hopkins allocates 
to the family Opecoelidae. Either the name Allocreadiidae or Ope- 
coelidae must be suppressed. Since Allocreadiidae is an older and 
more familiar name than Opecoelidae and Ozaki proposed the family 
Opecoelidae without knowledge of either excretory systems or life his- 
tories, but separated it from the Allocreadiidae on the basis of characters 
which have not been generally accepted as valid, it is proposed that the 
name Allocreadiidae take precedence over Opecoelidae. This proposal 
simply means that the family Allocreadiidae is restricted to include only 
those forms having cotylomicrocercous cercariae and a simplified excre- 
tory pattern. In any event, it will be necessary to propose new families 
or redefine existing ones to include the genera excluded from the re- 
stricted family. Such a revision is beyond the scope of the present 
paper. 


SUMMARY 


The life history of Anisoporus manteri Hunninen and Cable, 1940, 


has been traced experimentally. The cercaria, a cotylomicrocercous type, 
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develops in sporocysts in the marine snail, Mitrella lunata (Say) and en- 
cysts in the marine amphipods, Carinogammarus mucronatus (Say) and 
Amphithoé longimana Smith. Old metacercariae contain eggs in the 
uterus and cystic fluid. Adult worms occur in the intestine of the 
marine fishes, Syngnathus fuscus Storer, Paralichthys dentatus (Lin- 
naeus), Hippoglossoides platessoides (Fabricius), Apeltes quadracus 
(Mitchill), Fundulus heteroclitus (Linnaeus) and F. majalis (Wal- 
baum). 

It is proposed that the family Allocreadiidae be restricted to include 
only trematodes having cotylomicrocercous cercariae and simplified ex- 
cretory patterns, since the type genus, Allocreadium, would be included 
in the restricted family. Consequently, the family name, Opecoelidae, 
would be suppressed as a synonym of Allocreadiidae sensu stricto. 


ADDENDUM AND CORRECTION 


In respect to the uroproct, the present species is more like Opecoe- 
loides than Anisoporus. Odhner (1928) erected the genus Opecoeloides 
to contain a single species, Distomum furcatum Bremser, and described in 
this form the union of the ceca with the excretory vesicle as has been 
observed in the present study. In Anisoporus, as defined by Ozaki 
(1928), instead of joining the excretory vesicle, the ceca unite posteriorly 
to form a median tube with an anal opening independent of the excre- 
tory pore. In other respects, the genera Opecoeloides and Anisoporus 
are identical. While the present paper was in preparation, the writers 
were inclined to share with Manter (1940) doubt as to the generic sig- 
nificance of the uroproct as well as sucker papillae, characters used ex- 
tensively in the separation of genera. The paper in which Odhner pro- 
posed the genus Opecoeloides appeared Nov. 13, 1928, while Ozaki’s 
definition of Anisoporus was published Dec. 31 of the same year. 
Whether or not these genera are regarded as synonymous, Opecoeloides 
is the older name and the present species must be placed in that genus; 
accordingly, the correct designation is Opecoeloides manterit (Hunninen 
and Cable, 1940). The species for which Odhner erected the genus has 
never been mentioned in the literature except as Distomum furcatum; its 
proper designation is Opecoeloides furcatum (Bremser in Rudolphi, 
1819). The writers have been unable to find a satisfactory description 
of this species, but from Odhner’s paper it is possible to differentiate 
O. furcatum and O. manteri, the only species in the genus, on the basis 
of sucker papillae; there are six in O. furcatum and five in O. manteri, 
three anterior and two posterior. Since the present study supports the 
observations of Odhner and adds a second species of Opecoeloides, the 
validity of the genus is strengthened considerably. It therefore seems 
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advisable to maintain Anisoporus and Opecoeloides as distinct genera, 
particularly since proposing synonymy for them would cause a certain 
amount of confusion. 
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THE BLOOD OF THE ATLANTIC SALMON 
DURING MIGRATION 


EARL BENDITT, PETER MORRISON AND LAURENCE IRVING 


(From the Edward Martin Biological Laboratory, Swarthmore College, 
Swarthmore, Pennsylvania) 


There are many alterations in the habits and metabolism of salmon 
during their migration from the sea into the rivers. Among the meta- 
bolic changes, one can be well defined in relation to an equally distinct 
alteration of the environment of the fish. In fresh water the freezing 
point depression of the blood of salmon is less than it is while they are 
in salt water (Greene, 1904; Smith, 1932). As a consequence of the 
reduced salinity of the blood, which is indicated by the reduction of the 
freezing point depression, it might be expected that the condition of the 
blood for the transport of oxygen would be affected; for it is known 
that the affinity of hemoglobin in solution for oxygen is diminished by 
increasing concentrations of salt (Barcroft and Camis, 1909). 

The affinity of the hemoglobin in the blood of several freshwater fish 
for oxygen is greater than in the blood of some saltwater fish, as is 
shown by the pressure of oxygen required for half saturation of the 
blood of a few marine and freshwater species in Table I. The freezing 
point depression of the blood of freshwater fish is usually less than in 
saltwater fish, and the blood of fish migrating from salt into fresh water 
undergoes dilution, as is shown by the examples in Table II. The ex- 
amples quoted are too few to warrant more than the suggestion of the 
effect of salinity upon the blood, and there are many influences beside 
the salinity of the environment which will operate to differentiate the 
blood of various species. 

There is an advantage in examining the blood of individuals of the 
same species in two environments separated by so short an interval as 
that which comes between the salmon in the brackish estuary and in the 
lower fresh water reaches of a stream. We have found it possible to 
distinguish the conditions for oxygen combination with the blood of 
Atlantic salmon, Salmo salar, caught in salt water from those of the 
fish which were caught in the rivers. The changes in oxygen affinity 
occurred as the freezing point was changed by the passage of the fish 
into fresh water. The changes observed are large enough to suit the 
blood for respiratory transport under somewhat different conditions, 
and may be critical in determining respiratory ability in certain natural 
situations. 
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MATERIALS AND METHODS 


The blood of the Atlantic salmon, Salmo salar, was chosen because 
of its accessibility. These fish spawn and are hatched in the rivers which 
drain into the coastal waters of the Province of Quebec, Newfoundland, 
Nova Scotia, and New Brunswick. They spend the first two to five 
years of their lives in the rivers and then migrate to the ocean, where 
they spend one, two, or three years before returning to the rivers to 
spawn. The major spawning migrations occur in the spring and fall 


TABLE I 


A comparison of the tensions of oxygen required for half saturation of the blood of 
some salt and freshwater fish 


Tension at Tempera- 
half saturation pCO: ture 
Fish mm. O2 mm. ‘Se 
Fresh water 
Bowfin * 
Amia calva 
Common sucker * 
Catostomus commersonnit 
Carp * 
Carpiodes cyprinus 
Pike Tf 
Esox lucius 


Salt water 

Cod Tf 

Gadus callarias 
Sea robin f 

Prionotus carolinus 
Mackerel f 

Scomber scombrus 
Toadfish ¢ 

Opsanus tau 


* Black. 
+ Krogh and Leitch, 1919. 
t Root, 1931. 


of the year, but fish in greater number and of larger size come in the 
spring (at least in the St. Lawrence region (Belding and Prefontaine, 
1938) ). Our samples of fish were obtained in the late spring and early 
summer from the gill nets of commercial fishermen situated around the 
mouth of the York River, which empties into Gaspé Bay, Province of 
Quebec. These fish were in brackish water and, unfortunately, no true 
saltwater fish were obtained. Freshwater fish were had from the lines 
of the sport fishermen on the St. Jean River, which also empties into 
the Bay. Two of the freshwater fish were kindly supplied to us from 
the salmon of the Gaspé Hatchery. 
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The fish were all two- and three-year “ sea life” salmon averaging 
roughly 10 and 20 pounds in weight respectively. They were bled by 
heart puncture, 20 to 80 cc. being obtained from a single fish. Heparin 
was used as the anticoagulant throughout, and the blood was stored on 
ice from the time of drawing until it was used. 

The blood was equilibrated with gas mixtures in the special tonom- 
eters designed by Irving and Black (1937). Gas analyses on blood 
were done by Van Slyke’s manometric method. The temperature of 
equilibration was 15° C. + 1.0°. 

Freezing point determinations were made with a micro-Beckmann 
thermometer on 2 cc. samples of plasma. Despite the small samples, 
most duplicate determinations agreed to within .005° C. 

Hematocrit determinations of relative erythrocyte volume were made 
on all specimens in the usual capillary tubes in a centrifuge operating at 
5000 r.p.m. 


TABLE II 


A comparison of the freezing point depressions of the blood of fresh, salt water and 
migratory fish. Modified from Smith (1930) 


Freezing Point 
oc 


Fish Medium ; Fish plasma 


Amia calva .03 54 
Lepidosteus osteus 03 57 
Anguilla rostrata .08 63 
PF a 1.85 .82 
Conger vulgaris 2.15 1.03 
Salmo salar 0 
re e 87 


OxyYGEN CAPACITY 


The oxygen capacities (Table III) of the bloods of 15 brackish water 
fish varied between 10:5 and 14.9 volumes per cent, with an average 
capacity of 12.3 volumes per cent. The proportion of erythrocytes in 
the blood of these fish varied from a minimum of 24.4 per cent cells to 
a maximum of 47.5 per cent cells, averaging 39.4 per cent. In 6 fresh- 
water fish the oxygen capacities varied between 6.7 and 10.0 volumes 
per cent with an average of 8.8; the proportion of erythrocytes ranged 
from 19.3 to 28.4 per cent, averaging 24.8. If we calculate the oxygen 
capacity of 100 cc. of cells for the two kinds of fish, we find that for the 
brackish water fish the average value is 31.6 cc., whereas for the fresh- 
water group it is 34.9 cc. It seems from these figures that the propor- 
tion of cells in the blood of freshwater fish was decreased without dimi- 
nution of the oxygen capacity of the cells. 
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OxyYGEN DIssocIATION CURVES 


Points on the oxygen dissociation curve of the brackish water fish 
show a considerable scatter. The points are taken from 14 different fish. 
It can be seen from Fig. 1 that at half saturation the spread is from 
about 17.5 to 28.8 mm. of O, tension. The mean curve has a half 
saturation at 23 mm. O, tension. The curve is similar to those found 
for other marine fish by Root (1931). The curve shows an interesting 
tendency to have an “S” shape similar to that of mammalian bloods, 
and is in most other respects similar to these well-known curves. 

In contrast to the brackish water fish, it is to be noted that with the 
exception of one point the points obtained from 4 freshwater fish fall 
nicely on a continuous curve. This curve is rather steeper than the 


TABLE III 


A comparison of the data on brackish and fresh water salmon 


Brackish water fish Fresh water fish 


Cell volume 39.4% 24.8% 
Variation 24.4-47.5 (15 fish) 19.3-28.4 (6 fish) 
Oxygen capacity 12.3 vols. % 8.8 vols. % 
Variation 10.5-14.9 (15 fish) 6.7-10.1 (6 fish) 
Maximum CO: effect 62.8% Sat. 57.2% Sat. 
Variation 56-67 (5 fish) 56-58 (4 fish) 
Cell volume increase 9.0% 8.2% 
Variation 8.1-13.9 (5 fish) 6.2-11.1 (4 fish) 
Depression of freezing point 0.77° C. 0.64° C. 
Variation 0.72-0.80 (5 fish) 0.60—-0.68 (7 fish) 





others and lies to the extreme left of them with a half saturation at about 
19 mm. of O, tension (Fig. 1). 


Tue Errect or CO, uPON OXYGENATION 


Carbon dioxide prevents the saturation of salmon blood with oxygen 
at 150 mm. oxygenation (Fig. 2). This has been observed in the blood 
of other marine and freshwater fish (Root, 1931; Black and Irving, 
1938 ; Irving, Black and Safford, 1941). 

There is a considerable spread in the points obtained from the brack- 
ish water fish, the maximum effect of CO, restricting the oxygenation 
of hemoglobin to between 56 and 67 per cent saturation. In the fresh- 
water fish CO, restricted oxygenation to about 58 per cent saturation 
for the maximum effect. Neither curve for salmon blood seems to 
flatten out quite as quickly as the curve of carp blood (Black and Irving, 
1938), and even beyond pressures of 80 mm. of CO, there appears to 
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be some further depression of oxygenation. Hemolysis does not abolish 
the effect of CO, either in the brackish or freshwater fish, and causes a 
decrease of not over 15 per cent in its magnitude. Hemolysis of trout 
blood likewise does not much reduce the effect of CO, upon oxygenation 
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Fic. 1. The O, dissociation curve of the blood of salmon taken from brackish 
and fresh water. P CO, less than 1 mm. 


(Irving, Black and Safford, 1941). There are evidently two categories 
of fish blood, in one of which hemolysis abolishes the CO, effect (Black 
and Irving, 1938; Root and Irving, 1940), while in the other hemolysis 
has little influence. Hemolysis by either freezing and thawing or by 
the use of saponin produces the same result. 
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The effect of CO, on the oxygen dissociation curve of brackish water 


fish is shown in Fig. 3. The pressure at half saturation of the hemo- 


globin is 40 mm. of oxygen when the CO, tension is 13-14 mm. com- 
pared with the average of 23 mm. O, tension with the CO, tension of 


1 mm. or less. The effect of CO, upon the oxygen dissociation curve 


of freshwater salmon was not determined, but from the maximum effect 
of CO, on the oxygen capacity in fresh and saltwater fish it seems likely 


100 
FRESH WATER FISH 


© 
° 


© Whole blood 
* Hemol ysed blood 


% Saturation 
x @ 
°o ° 


FCO, 


Fic. 2. The effect of CO, upon oxygen dissociation curves of salmon blood. 


that the effect of CO, on oxygen dissociation curves would be similar 
in salmon from salt and fresh water. 
Errect or CO, on CELL VOLUME 


Carbon dioxide has a marked effect in causing the cells of salmon 
blood to swell (Fig. 4), as was shown for the blood of some freshwater 
fish by Black and Irving (1938), and for the blood of trout (Irving, 
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Black and Safford, 1941). The magnitude of the effect on the cell 
volume in brackish water fish averaged 9.0 volumes per cent of cells, with 
a variation of 5.1 to 13.9 volumes per cent in 5 fish. In the freshwater 
fish the swelling averaged 8.2 with a variation of 6.2 to 11.1 in 4 fish. 
The reversal of the effect on complete oxygenation of the blood without 
CO, is demonstrable. 

Most of the swelling is produced at low tensions of CO,, and it indi- 
cates some 25 per cent enlargement of the erythrocytes. The consid- 
erable swelling of the cells is of a much greater magnitude than the 
osmotic changes which are described in mammalian blood, and there 
seems to be no satisfactory explanation for this phenomenon. 


—— Brackish Warer Saimon CO, pressure Imm or less 
~e- Fresh Water Saton CQ, pressure Imm or less 


wo Bracks Warer Sauron CO, pressure 15 t014 mm 


a0 sO 60 7° 80 90 100 no 120 130 140 150 160 


Fic. 3. The maximum effect of CO, upon the degree of oxygen saturation at 
P O, = 150 mm. 


THE CoMBINATION OF CO, witH BLoop 


In Figure 5 is shown the curve describing the combination of CO, 
with the blood. This curve indicates that in contrast to the reduction 
in oxygen capacity which occurs in fresh water, there is no significant 
difference in CO, combination. 


FREEZING PoINT OF THE PLASMA 


The effect of the change of external environment upon the blood 
plasma is demonstrated in the change in the freezing point depression. 
In the plasma of brackish water fish freezing points varied from — 0.717 
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to —0.800° C., with an average value of —0.765° C. for the 5 bloods 
examined. In the freshwater fish 7 determinations fell between — 0.597 
and —0.675° C., with an average of —0.638° C. One other fish 
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Fic. 4. The effect of CO, upon: (1) oxygen saturation, (2) CO,-carrying 
power, and (3) cell volume in the blood of one salmon. 


showed a value of —0.775° C. This fish was caught much lower down 
in the river than any of the others, although still in the fresh water. It 
was caught at the very end of the season when it is known that the 
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late stragglers spend very little time in becoming acclimated to the 
brackish water, and this observation may explain the individual dis- 
crepancy. 

DIscuUSSION 

We would like primarily to answer the question in this paper of 
whether or not there is a difference in the properties of the blood of a 
migratory fish when it is in equilibrium with a marine and freshwater 
environment, and the changes which we are particularly interested in are 
those of the system for respiratory transport. 

There is undoubtedly a drop in the concentration of cells of the 
salmon in fresh water, and concomitantly there is a drop in the oxygen 
capacity of the blood (Table III). There appears to be no difference 
in the hemoglobin concentration of the cells of the two kinds of fish. 
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Fic. 5. The combination of CO, with salmon blood at P O, = 150 mm. 


Dilution of the serum also takes place when the fish moves into fresh 
water, as shown by the decrease in the freezing point depression. If 
we examine the oxygen dissociation curves of the fish in its different 
habitats, there appears evidence that here too there is a change with mi- 
gration. The curve for the freshwater salmon lies on the outermost 
border of the scatter of points belonging to the brackish water inhab- 
itants (Fig. 1), and the points hold well to a smooth curve. 
Considering the brackish water fish in relation to their environment, 
we find: (1) that the environment varied somewhat in its osmotic con- 
centration with respect to the tide and the location in the bay in which 
they were caught; (2) that the fish had been in this environment of 
lower salinity than the sea? for various lengths of time and were conse- 
quently in various stages of acclimitization. In view of this we might 


1 The freezing point depression of a sample of water from the mouth of the 
York River, at which point many of the fish were taken, was 0.87. 
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expect to find the variation which was actually observed, and also to 
predict that the blood of true marine fish should give points lying at the 
extreme right of the group. We are inclined then to believe that in this 
important characteristic, the affinity for oxygen, the blood of salmon 
living in fresh water differs from those taken from salt water. 

The provision for transporting oxygen in fresh water is less since the 
oxygen capacity of blood is only about two-thirds of what it is in the 


brackish water, and probably less than that in relation to the oxygen 
capacity of true marine fish. One is inclined to wonder if the fresh- 
water environment imposes a more sedentary mode of life because of 
the changes which are brought about in the internal conditions of the 
salmon. 

In affinity for oxygen the blood of fresh water salmon equals that 
of three freshwater salmonoid fish—the brook trout, brown trout, and 
rainbow trout (Irving, Black, and Safford, 1941). In all of these fish 
atmospheric tensions of oxygen saturate the hemoglobin at 15°. But 
as the temperature is raised, the affinity of trout blood was found to 
diminish, until at about 25° atmospheric pressures of oxygen could no 
longer secure saturation. It is quite likely that a similar temperature 
effect prevails in salmon blood, which should therefore be suitable for 
oxygenation at 25° in thoroughly aerated water. The blood of salt- 
water salmon would probably fail to saturate at about 20°, but it is 
likely that the well-circulated tidal waters are always well enough aerated 
for adequate oxygenation. In the warm water of the rivers in summer 
even the blood of the freshwater salmon encounters temperatures which 
are near the limit permitting saturation. If the oxygen tension in the 
warm water is depleted below atmospheric pressure, then the blood can- 
not become saturated with oxygen in the gills. In the rivers it is likely 
that stretches of warm water, partcularly if they are not well aerated, 
act as barriers by hindering the transport of oxygen. Under such condi- 
tions the effect of temperature upon oxygen affinity may have a critical 
influence in determining where the fish can exist. 

We see that the plasma of freshwater fish has a lower freezing point 
than the brackish water fish, and that this is due to a reduction in the 
electrolyte concentration has been shown by Homer Smith (1930). In 
our freshwater salmon, the serum has been diluted and we may surmise 
that in order to reestablish osmotic equilibrium, water has diffused into 
and perhaps salts out of the cells. That the latter is so would seem to be 
borne out by the values of oxygen carried by 100 cc. of cells. Long ago 
Barcroft and Camis (1909) showed that when hemoglobin solutions are 
dialyzed, the oxygen dissociation curve for the solution, when compared 
with the curve for the undialyzed solution, is shifted some to the left, and 
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hence saturates at a lower pressure. It should be pointed out that they 
were working with rather dilute solutions of hemoglobin and also were 
dialyzing off the last portion of electrolyte and therefore the conditions 
in the salmon blood are hardly comparable. 

It is rather remarkable that the CO, dissociation curves for the 
freshwater and saltwater fish (Fig. 5) should be the same in spite of 
the difference in oxygen capacity. There are large differences in CO, 
capacity of the blood of different species. of fish which appear to be 
quite unrelated to oxygen capacity. 

The changes which have been shown in the blood of migrating salmon 
are large enough to be important to the economy of respiratory metabo- 
lism. The relation of these changes in the blood to the change in en- 
vironment suggests how the detailed physiology of the salmon changes 
with the varying environment. 


SUMMARY 


The blood of Atlantic salmon caught in the brackish water of Gaspé 
Bay has been compared with the blood of salmon caught in the fresh 
water of the rivers draining into the Bay. In brackish and fresh water 
the average properties of the blood are respectively: oxygen capacity, 
12.3 and 8.8 volumes per cent; cell volume, 39.4 and 24.8 per cent ; oxy- 
gen tension for half saturation at T CO,—1 mm., 23 and 19 mm.; 
freezing point of the serum, —0.79 and —0.64. The oxygen com- 
bination at P O, = 150 mm. in the presence of large tensions of CO, 
is reduced to about 60 per cent of saturation. Hemolysis does not much 
reduce the CO, effect. The cells swell greatly as the CO, tension is 
increased. There appears to be a dilution of the blood as the fish goes 
from salt to fresh water. This is seen in the decrease in cell volume, 
oxygen capacity, and freezing point depression of the blood. It seems 
also that in fresh water the affinity of the hemoglobin for oxygen is 
greater than in salt water. The changes observed in the blood may be 
related to the change in salinity of the environment. In the warm water 
of rivers in summer small changes in temperature and oxygen saturation 
may be critical in determining whether or not the blood can be saturated 
with oxygen. 
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COMPARATIVE STUDIES OF THE PIGMENTS OF SOME 
PACIFIC COAST ECHINODERMS'! 


DENIS L. FOX AND BRADLEY T. SCHEER 


(From the Scripps Institution of Oceanography, La Jolla, California) 


From the standpoint of comparative biochemistry, the echinoderms 
represent an interesting and little-explored phylum. Prominent among 
the biochemical features of this group is the conspicuous manifestation 
of body-pigments, striking in their intensity and color-varieties, and ri- 
valling the beauty of those displayed by the sessile coelenterates. 

The integumentary colors of sea-stars and brittle stars are due pre- 
ponderantly to carotenoids, while certain of the echinoids manifest in- 
stead considerable quantities of pigments of the echinochrome class, first 
reported by MacMunn (1883a) and recently shown by Kuhn and Wal- 
lenfels (1939) to be naphthoquinones. Kuroda and Ohshima (1940) 
have crystallized three distinct spinochromes, each from a different spe- 
cies of Japanese sea-urchin, and have found the natural pigments to be 
very similar to synthetic hydroxynaphthoquinones. Some _ echinoids 
yield echinenone, a unique carotenoid which is a provitamin A (Lederer 
and Moore, 1936). Long ago, MacMunn (1883), 1886) reported the 
“enterochlorophyll ” in the alimentary organs of a number 
of carnivorous echinoderms. 

Studies of Abeloos (1926) and Lénnberg (1931, 1932, 1933) give 
qualitative indications of the nature and distribution of carotenoids in 
echinoderms. Euler and Hellstrom (1934) and Euler, Hellstrom and 
Klussman (1934) made chemical studies of the carotenoid proteins of 
asteroids, and isolated a new pigment, asteric acid. Karrer and Benz 
(1934) and Karrer and Solmssen (1935) isolated astacene from both 
an ophiuran and an asteroid. Lederer (1938) has studied the pigments 
of the echinoid Strongylocentrotus lividus. 

Numerous writers emphasize the importance of the question as to 


presence of 


whether some of the lower animals may be able to synthesize specific 
carotenoids from simpler molecules. Among the various ecological fac- 
tors and physiological activities which may influence the pigmentation 
of animals, it is probable that food exerts the closest and most direct 
effect, although habitat and various physiological adaptations inseparably 


1 Contribution from the Scripps Institution of Oceanography, New Series No. 
132. 
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associated with nutrition are necessarily important in a survey such as 
we have undertaken. 

Of the rather scanty information available regarding the physiology 
of adult echinoderms, facts concerning their feeding mechanisms and 
digestive enzymes are probably the chief entries. Yonge (1928) dis- 
cusses the diversity of feeding mechanisms employed by the Echinoder- 
mata, and divides the phylum into two main groups as regards feeding 
and digestion, namely: (1) the Asteroidea and Ophiuroidea which are 
exclusively carnivorous, and (2) the Echinoidea and Holothuroidea, 
chiefly herbivorous and to some extent omnivorous. He suggests 
(1931) that the ciliary-feeding Crinoidea may be primarily herbivorous. 

In the present study, we have attempted to make a preliminary classi- 
fication of the various echinoderms into biochemical (pigment) types, 
with correlative differences in intraphylar class, sex (where practicable), 
habitat and nutritional habits occupying collateral positions of importance. 

The survey, which included four species of three genera of echinoids, 
one species of holothuroid, four species of three genera of asteroids, and 
three species of two genera of ophiuroids, revealed numerous familiar 
and a few new carotenoids. Purple echinochrome pigments were ob- 
served only in echinoids. Small amounts of green “ enterochlorophylls ” 
were found among the asteroids and ophiurans. We have considered 
the echinoderm classes in ascending evolutionary series within the two 
chief nutritional groups named by Yonge (1931) i.e. (1) herbivore- 
omnivores: (a) echinoids, (b) holothuroids; and (2) carnivores: (a) 
asteroids, (b) ophiurans. Consistencies in this classification will be ap- 
parent in Table I. 

The animals were collected at several localities in this vicinity of the 
Southern California coast, and in some cases obtained by dredge hauls. 
We are indebted to Mr. P. S. Barnhart, curator, Dr. C. E. Moritz, visitor 
from Dartmouth College, Professor G. E. MacGinitie of the California 
Institute of Technology, Mr. Granville Ashcraft of the Hancock Foun- 
dation, University of Southern California, Professor H. J. van Cleave, 
visitor from the University of Illinois, and Mr. L. D. Pratt of the Kelco 
Company, National City, for much of the material used. Mr. Sheldon 
C. Crane rendered technical assistance during the latter part of our 
carotenoid investigations. 


MeETHOpsS 


With but few exceptions noted below, the animals were placed 
temporarily in running sea water in laboratory aquaria, to permit foreign 
material to be evacuated from the intestine. The carotenoid pigments 


were extracted from the ground tissues with acetone, passed into petro- 





PIGMENTS OF PACIFIC COAST ECHINODERMS 443 


leum ether, subjected to partition between the latter and 90 per cent 
methanol, and separated into individual components by chromatographic 
adsorption, in accordance with regular procedures described in more 
detail by Scheer (1940) and by Fox and Pantin (1941). 

Individual pigments were provisionally identified by comparison of 
certain of their properties with those of known pigments; this identifi- 
cation must wait upon further studies for full confirmation. The fol- 
lowing properties were used: (1) Behavior in partition between im- 
miscible solvents, i.e., petroleum ether (which constitutes the epiphase 
and dissolves carotenes, xanthophyll esters and a few monohydroxy- 
xanthophylls) and 90 per cent methanol (the hypophase which selectively 
removes xanthophylls). (2) Adsorption behavior on Tswett chromato- 
graphic columns, xanthrophylls and their common esters being adsorbed 
from benzene solution on calcium carbonate, while carotenes pass 
through this but are selectively adsorbed on calcium hydroxide (Zech- 
meister and Cholnoky, 1937; Strain, 1938). (3) Positions of spectral 
absorption maxima. (4) Behavior toward the partition test after treat- 
ment with hot alcoholic potassium hydroxide in an inert atmosphere; 
carotenes remain unchanged; xanthophylls, epiphasic when esterified, 
are rendered hypophasic when hydrolyzed ; astaxanthin, free or esterified, 
neutral before treatment, is transformed into astacene, with definite 
acidic properties. 

Positions of absorption maxima were determined with a Hartridge 
reversion spectroscope and with a Bausch and Lomb spectrophotometer. 
The two instruments show good agreement excepting in the case of acidic 
carotenoids like astacene, whose single broad maximum is more accu- 
rately determined with the latter instrument. Carbon disulphide was 
employed as the solvent unless otherwise specified. 

Relative concentration of mixed carotenoid pigments (i.e., whole epi- 
phasic or whole hypophasic fractions) were estimated in terms of “ B- 
carotene equivalents,” the extinction coefficient of B-carotene at 485 mp 
being determined by other writers (Smith, 1936) and ourselves. 

Echinochrome pigments were readily extractable from the echinoids 
by treatment of the whole tests with dilute hydrochloric acid under a 
layer of diethyl ether which readily dissolved the pigments (see Tyler, 
1939). These were subsequently examined spectroscopically in ether 
or chloroform solutions. 

Green pigments (“enterochlorophylls”) were recovered in small 
amounts from the digestive diverticula of two of the asteroids, Pisaster 
ochraceous and P. giganteus, and from the whole-body extracts of all 
three ophiurans. The material recovered from the ophiurans differed 
in certain solubility properties from that yielded by the asteroids, but all 
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showed closely agreeing absorption spectra. Actual quantities were so 
small that no identifying tests were practicable excepting those em- 
ployed; hence the descriptive term coined by MacMunn has been used 
provisionally in the discussion of these green pigments. 


RESULTS 


A summary of the distribution of carotenoids, echinochromes and 
enterochlorophylls is given in Table I, followed by more detailed infor- 
mation regarding the separate pigments. 


Carotenoids 


The distribution, kinds, and some relative quantities of individual 
carotenoids encountered in the various species are summarized in Table 


II. 
Echinochromes 


These pigments, present exclusively in the echinoids, showed a few 
interesting variations in tissue distribution as well as in chemical and 
spectroscopic properties, as shown in the following outline: 

Dendraster excentricus: Purple aggregates of the pigment were pres- 
ent in ectodermal and endodermal tissues lining the shell of this purple 
sand-dollar, while similar bodies in mature male and female gonad 


tissues and in anterior portions of the gut were red. The posterior part 
of the gut lacked echinochrome. The gelatinous egg-cases contained red 
echinochrome bodies. 


The pigment was purple in neutral or alkaline media and red in acid 
(see also Lederer, 1940). It was readily soluble in aqueous acetone, 
giving clear filterable solutions, and was also extractable from dilute 
acid digests of the shell with diethyl ether (see Tyler, 1939). 

The absorption maxima were as follows: 

In acetone: 524, 490 mz. 

In chloroform: 533, 496, 465 mp (cf. Kuhn and Wallenfels, 1939). 

Strongylocentrotus franciscanus: Much purple pigment was yielded 
to acetone by treatment of this large purple-red urchin. The pigment 
decomposed with bleaching, however, before it was given any study. 

Strongylocentrotus purpuratus: This purple urchin, like the sand- 
dollar Dendraster, showed many aggregates of echinochrome in the ecto- 
derm (purple) as well as in endoderm, coelomic fluid and gut wall (red 
in all). Neither male nor female gonad tissues, however, contained any 
of the pigment. 

It showed the following absorption maxima: 
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In water (neutral, colloidal) : 526.5, §91 mz. 

In water (acidic) : 497 mp (single, diffuse band). 

In chloroform: 525, 490.5 mp (cf. Lederer and Glaser, 1938). 

Lytechinus pictus: This pale urchin yielded far less of the purple 
pigment than did Strongylocentrotus or even Dendraster. Pigment ag- 
gregates were observable, however, in parts of the skin lining the shell, 
in the gut and in gonad tissues of both sexes. 

The pigment, insoluble in acetone or water, readily bleached by 
alkali, and slightly soluble in dilute acid, gave the following spectral ab- 
sorption bands : 

In water (colloidal suspension) : 526, 491 my. 

In diethyl ether: 533, 497, 467 muy. 

The echinoids contained not only different quantities of echinochrome 
pigments, in the order Strongylocentrotus > Dendraster > Lytechinus, 
but the pigments were somewhat different chemically. Lederer (1940) 
lists the distribution of a number of pigments of the echinochrome class 
in several echinoid species, and in their separate body parts. 


Green Pigments 


The “ enterochlorophylls,” found only in the digestive diverticula of 
two of the five species of asteroids and in whole extracts of the three 
ophiuroids, showed certain chemical differences. 


Asteroidea 


Pisaster ochraceous: A small quantity of the pigment was recovered 
in acetone from the digestive diverticulum, being absent from stomach, 
skin or other parts. Completely insoluble in petroleum ether, it was 


readily soluble in alcohol, acetone and diethyl ether. Its non-acidic char- 
acter was demonstrated by its extractability from diluted alkaline alcohol 
with ether. Dissolved in absolute ethanol, it manifested a single sharp 


absorption band in the red at 661 my. 

Pisaster giganteus: The green pigment in this species, recovered in 
traces from the same tissues as in P. ochraceous, was similar in its chemi- 
cal properties and also yielded a single absorption band in pure ethanol 
at 661 mp. 

Astropecten californicus and Patiria miniata failed to yield green 
pigments. 


O phiuroidea 


Ophiopteris papillosa: Extracted with acetone and soluble also in 
diethyl ether, the pigment was dissolved readily in petroleum ether (un- 
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like those encountered in the asteroids) but migrated quantitatively from 
this solvent to 90 per cent methanol in the partition test. It was ad- 
sorbed from petroleum ether solution at the top of a calcium carbonate 
column and was eluted therefrom with difficulty by methanol and acetic 
acid. Its solution in absolute ethanol gave a single band in the red at 
663 my. 

O phiothrix spiculata: A yellow-green pigment remained in the diluted 
and salt-containing acetone extract from which all carotenoids had been 
transferred to petroleum ether. Insoluble in the latter solvent, even in 
the presence of dilute acids, this pigment was readily extracted with 
diethyl ether and transferred to absolute ethanol, in which it showed a 
single absorption band at 663 mu. 

Ophiothrix rudis yielded small quantities of a green pigment similar 
in solubility properties to that recovered from O. spiculata. 

MacMunn’s green pigments extracted from the radial caeca of So- 
laster and Uraster displayed several spectral bands in alcohol solution, 
one in the vicinity of a single band found in the red by ourselves, and 
the others in additional regions similar to those shown for chlorophyll. 
He considered that such green pigments were breakdown products of 
chlorophyll (MacMunn, 1886). 

We have at present no new suggestions to add to MacMunn’s con- 
clusions. While the spectra of our green pigments were far simpler 
than those of MacMunn or than those of chlorophyll, it is likely that 
these pigments in the digestive organs of carnivores represent porphyrins 
from an original source of chlorophyll. 


DISCUSSION 


The major results obtained in this study are summarized in Table I. 
The animals are grouped according to their food habits. The echinoids 


feed on kelp, on detritus that is predominantly of vegetable orgin, or 
upon fixed algae, while the holothurians are bottom dwellers that sub- 
sist on the latter two classes of food. The asteroids feed exclusively 
on animal matter, especially mollusks, while the ophiuroids feed mainly 
on very small particulate animal matter. 


A few calculations based upon information given in Table I reveal 
some interesting qualitative and quantitative differences between the 
carotenoids of herbivores and those of carnivores. For example, a total 
weight of 847 grams of tissue from herbivorous forms yielded some 4.27 
mg. of carotenoid pigment (-carotene equivalents), or an average con- 
centration of about 0.50 mg. per 100 grams of fresh tissue. In the 
carnivores, on the other hand, 916 grams of tissue yielded a measurable 
quantity of some 14.61 mg. of carotenoids (f-carotene equivalents), 
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giving an average concentration of about 1.60 mg. per 100 grams of 
fresh tissue. The average ratios of hypophasic to epiphasic pigments 
were, in the herbivores, 0.86, and in the carnivores, at least 13. Fur- 
thermore, account is to be taken of the fact that the hypophasic pigments 
in the ophiuroids were, as in the other carnivores, far in excess of the 
epiphasic ones, but that, in three out of four analyses, the color of the 
hypophasic fraction bleached before quantitative estimations could be 
made. If we assume that the hypophasic pigments in the second catch 
of Ophiopteris papillosa exceeded the epiphasic fraction by the same 
ratio as was found in the first catch (i.e. about 6) and that this ratio 
could be applied also to the other two ophiuroid species, Ophiothrix 
spiculata and O. rudis, we then arrive at a figure of 2 mg. of carotenoids 
per 100 grams of fresh carnivore tissue. 

Among the carnivores, the ophiuroids contained oxygenated caro- 
tenoids exclusively, the epiphasic fractions yielding no carotenes, but 
only esterified xanthophylls and acidic carotenoids. The asteroids like- 
wise showed a great preponderance of oxygenated over hydrocarbon 
carotenoids. Pisaster giganteus contained an epiphasic esterified xantho- 
phyll which behaved like zeaxanthin. In the herbivores, the echinoids 
too contained some xanthophyllic pigments without exception, and most 
of them yielded an oxygenated carotenoid, echinenone, in the epiphasic 
fraction. One of three catches of Strongylocentrotus purpuratus yielded 
an esterified xanthophyll resembling lutein. 

In summary, carnivorous species contained three to four-fold the 
quantity of carotenoid pigments found in herbivores. The oxygenated 
type of carotenoid, including xanthophylls and acidic compounds, pre- 
ponderated vastly over carotenes * in carnivorous species. However, the 
herbivores, with the exception of the urchin Strongylocentrotus pur- 
puratus which showed a slight excess of xanthophylls over carotenes, 
possessed predominating quantities of the latter type of pigment. Fi- 
nally, the non-hydrocarbon carotenoids stored in carnivorous animals 
were more heavily oxygenated than those in the herbivores, the former 
yielding numerous carotenoid acids, as well as taraxanthin and similar 
xanthophylls, none of which were encountered in any of the herbivores. 

The apparently greater capacity of the carnivorous, as compared 
with the herbivorous echinoderms, to assimilate or store carotenoids, 
with perhaps a certain degree of oxidative modification, may be associ- 

2 It should be understood that the term “carotenes” as used here means those 
epiphasic pigments resistant to alkaline hydrolysis, and hence may include such 
mono-hydroxy xanthophylls as cryptoxanthin and the ketone echinenone. The 
possible presence of cryptoxanthin was usually eliminated, however, by employing 


in the partition test 95 per cent methanol, in which this pigment is preferentially 
soluble. 
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ated with less metabolic utilization of the oxidized pigments than of the 
carotenes. At present nothing seems to be known either of the re- 
quirements of marine invertebrates for vitamin A or its precursors, 
or of specific roles played by carotenoids in lower phyla. 

The carotenoid acids are of especial interest and may be classified 
into three types. /n vivo some are neutral xanthophylls but treatment 
with alcoholic alkali produces molecular rearrangements and oxidations 
which lead to the formation of acids (cf. astaxanthin). This type was 
found only in the asteroids but was present in all such specimens exam- 
ined. The second type is acidic as it is extracted from the tissues. It 
was found only in Pisaster, and since it resembles strongly the mytilo- 
xanthin described by Scheer (1940) from the California mussel, it is 
likely that Pisaster derives this pigment from the mollusk, upon which 
it feeds extensively. Finally, acids may occur in vivo as esters, in which 
case they are epiphasic before hydrolysis, their acidic properties becom- 
ing evident after treatment with alcoholic potash. These esters were 
found only in ophiurans and gave on hydrolysis a new type of pigment, 
which is acidic, and has a single absorption maximum at 460, 466 or 
475 mp. In addition, an acid-yielding ester of the more conventional 
type with a single absorption maximum at 505 mp appeared. 

As in the lobster, carotenoid acids were found to be combined with 
protein in one case. Pisaster giganteus contains purple, blue and yellow 
chromoproteins in the skin, the purple and blue patches of which yielded 
an unesterified carotenoid, which formed an acid on treatment with 
alkali. This pigment resembled the anemone pigment metridene (Fox 
and Pantin, 1941). 

Table II shows some similarities between certain of the echinoderm 
carotenoids and known pigments. A commonly occurring one showed 
a spectrum like that of 8-carotene or zeaxanthin; pigments in this group 
were found in all classes except the Ophiuroidea, which yielded instead 
pigments with spectra like taraxanthin, not found in the other classes. 
Spectra like that of a-carotene or lutein were not frequently encountered, 
except among the echinoids, wherein both carotenes and xanthophylls 
with this type of spectrum were found. Pigments resembling echine- 
none have been mentioned above, notably in the epiphase of echinoid 
extracts (Lederer, 1938). The unchromatographed extracts, both epi- 
phasic and hypophasic, of Stichopus also showed the echinenone type 
of spectrum; again the alkali-resistant epiphase and the hypophase of 
one of the carnivores, i.e., Astropecten, as well as certain hypophasic 
pigments (rare xanthophylls such as pectenoxanthin) in other groups, 
manifested the same absorption maxima. 
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Where individual tissues were studied, the highest values were found 
in the digestive tract, excepting in the testes of Lytechinus; certain as- 
teroid skins would also show relatively high values were they readily 
separable from the colorless skeleton. 

The few correlations which could be observed between sex and carot- 
enoid content in tissues were limited to three of the echinoid species. 
In Dendraster, males contained about twice the concentration of epi- 
phasic and thrice the hypophasic pigments found in females. Estima- 
tions of pigments in individual tissues were not made. In Strongylo- 
centrotus purpuratus, the skin of each sex yielded only traces of carot- 
enoids. In the intestine, epiphasic pigments were plentiful and of the 
same order of concentration in both sexes; the same was true of the 
hypophasic compounds. However, carotenoids in ovaries exceeded 
those in testes by three-fold, and were entirely epiphasic, xanthophylls 
being absent. In Lytechinus, whole males yielded somewhat more of 
each class of carotenoid than did whole females. This was due to a 
five-fold excess of epiphasic and nearly a two-fold excess of hypophasic 
carotenoids in testicular over ovarian tissues. Intestines, considerably 
lighter in mass than gonad material, were also fairly rich in pigment, 
females yielding nearly a third again as much epiphasic and almost three 
times as much hypophasic pigment as males. The skin of Lytechinus, 
like that of Strongylocentrotus, contained only traces of carotenoids. 

Females of Strongylocentrotus and Lytechinus contained some 25 
and 27 per cent, respectively, of their carotenoids in the ovaries, whereas 
corresponding males mobilized approximately 17 and 77 per cent, re- 
spectively, to their testes, although the sperm itself was not colored. 

The carotenoid distribution ratio between intestine and ovary is 
doubtless subject to variation with discharge of ripe eggs. There still 
remains the striking mobilization of carotenoids to testicular tissues, 
especially in Lytechinus. Also remarkable was the complete absence of 
xanthophylls from the gonads of both sexes of Strongylocentrotus. 

Three types of non-carotenoid pigment were encountered in this study. 
Insoluble pigments, presumably of the melanin type, appeared in Sticho- 
pus and Pisaster ochraceus, but were not studied. Green pigments, the 
“ enterochlorophylls ” of MacMunn, were obtained from certain of the 
carnivores, but were never found in starved herbivores, These pigments 
invariably had absorption maxima at 661 and 663 mp in absolute etha- 
nol. From all the echinoids, but from no others, much red to purple 
pigment of the echinchrome type was extracted. It was found as cal- 
cium salt in the testes and spines, and as purple (basic) or red (acidic) 
irregular bodies dispersed in the tissues of ectoderm, endoderm, intes- 
tine, and in some cases, in the gonads. Although quantitative studies 
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were not made, echinochrome was clearly most abundant in Strongylo- 
centrotus, quite abundant in Dendraster, and present in relatively small 
amounts in Lytechinus. 

In conclusion it may be reiterated that the echinoderms represent a 
structurally and ecologically diverse group of much interest for further 
investigations of a comparative biochemical nature, especially regarding 
the metabolism of colored compounds. 


SUMMARY 


1. The pigments of echinoderms, belonging to twelve species, nine 
genera and four classes, have been studied qualitatively and in part 
quantitatively, with the aid of certain standard methods. 

2. Carnivorous species contained more carotenoids in the aggregate 
than did herbivores, by some three or four-fold. 

3. Among the echinoids, Dendraster and Lytechinus males yielded 
more total carotenoids than did females, while in Strongylocentrotus 
purpuratus, the concentrations in each sex were similar. Females of 
Strongylocentrotus and Lytechinus contained about a fourth of their 
carotenoids in the ovaries, whereas corresponding males mobilized about 
one-sixth and three-quarters, respectively, to their testes. 

4. Oxygenated carotenoids, including xanthophylls and acidic com- 
pounds, preponderated vastly over the hydrocarbon type (carotenes) in 
carnivores, while in most herbivores epiphasic pigments, including caro- 
tenes and echinenone, showed some degree of predominance. 

5. The presence of the ketonic carotenoid echinenone was indicated 
in most of the echinoids; its presence was also regarded as likely in an- 
other member of the herbivore-omnivore group, i.e., the cucumber 
Stichopus, and in one carnivore, Astropecten. 

6. Carotenoid acids, or compounds which yield carotenoid acids on 
treatment with alkali, were found only in carnivorous species. A new 
type of epiphasic pigment, with a single absorption maximum in the 
violet at values of from 460 to 475 my, yielding an acid on hydrolysis, 
was found in the ophiuroids. 

7. Xanthophyll esters were found consistently in the Ophiuroidea 
and in one of the Asteroidea, Pisaster giganteus. In the ophiuroids, 


they were of the heavily oxygenated type, and replaced carotenes, which 


were completely lacking. One of three catches of Strongylocentrotus 
purpuratus yielded some esterified lutein-like xanthophyll. 
8. The occurrence of echinochromes, found only in the echinoids, 


and of green pigments, “ enterochlorophylls,” found in the intestines 


of carnivores, is discussed. 
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